Studies on the promoters of two prolactin receptors in black seabream (Acanthopagrus schlegeli). by Sham, Wai Yan. & Chinese University of Hong Kong Graduate School. Division of Environmental Science.
I 
Studies on the Promoters of Two 
Prolactin Receptors in Black 
Seabream (Acanthopagrus 
schlegeli) 
SHAM, Wai Yan 
A Thesis Submitted in Partial Fulfillment of the Requirements for the Degree of 
Master of Philosophy 
in 
Environmental Science 
© The Chinese University of Hong Kong 
September 2008 
The Chinese University of Hong Kong holds the copyright of this thesis. Any 
person(s) intending to use a part or whole of the materials in the thesis in a proposed 




Declaration of Originality 
The work included in this thesis is an original research carried out by the author in the 
Environmental Science Programme, Faculty of Science, the Chinese University of 
Hong Kong, starting from August 2006 to July 2008. No part of the work described in 
this thesis has already been or is being submitted to any other degree, diploma or 
other qualification at this or any other institutions. 
i 
Thesis / Assessment Committee 
Professor K.M. Chan (Chair) 
Professor Christopher H.K. Cheng (Thesis Supervisor) 
Professor David C.C. Wan (Committee Member) 
Professor Chris K.C. Wong (External Examiner) 
ii 
Abstract 
Prolactin (PRL) is involved in the adaptation of euryhaline fish to freshwater. 
This osmoregulatory action and other diverse functions of PRL are mediated via 
prolactin receptors (PRLR) on the target tissues. PRLR has been identified in various 
vertebrates. Recently, the coexistence of two types of PRLR (PRLRl and PRLR2) 
encoded by two different genes in a single fish species has been identified as a unique 
phenomenon in teleosts. 
The expression of PRLRs in teleosts has been investigated under hypertonic 
conditions. Using seabream (sb) as the experimental species, this is the first report 
comparing the expression patterns of sbPRLRl and sbPRLR2 in different 
osmoregulatory organs in response to hypertonicity in vitro and in vivo and 
investigating the underlying regulatory mechanism of the responses in teleosts. 
Hormone such as 17p-estradiol (E2), testosterone and Cortisol have differential 
osmoregulatory actions. Their actions on the expression of PRLRs have been 
investigated in the present study. Previous studies indicated that these hormones might 
act via altering the gene promoter activities. However, the molecular mechanisms at 
the promoter level that regulate PRLR gene transcription are not clear. Thus, the 
5�f lanking regions of the two PRLR genes in black seabream are obtained in order to 
study their promoter activities. 
iii 
Transient transfection of cultured cells with the cloned genomic fragments 
showed that steroid hormones and hypertonicity could elicit significant changes in 
promoter activities correlating well with the expression of the sbPRLR genes in vivo 
and in vitro. 
By subsequent 5，-deletion and site-directed mutagenesis analyses, the potential 
estrogen response element (ERE), androgen response element (ARE) and 
glucocorticoid response element (GRE) have successfully identified on the two gene 
promoters. These results suggest that sex hormones as well as Cortisol are involved in 
regulating the expression of both PRLR genes in black seabream. 
Transient transfected cells using various fragments of the sbPRLRl and sbPRLR2 
promoters cultured in isotonic or hypertonic medium revealed the regions possessing 
hypertonicity-responsive activities. Sequence analysis revealed the presence of 
osmotic response elements (ORE) on the promoters. A functional ORE in each gene 
promoter was pinpointed through mutagenesis analysis. Co-transfection of tilapia 
osmotic stress factor 1 (OSTFl) with the promoter constructs showed an increase in 
promoter activity in both isotonic and hypertonic media, indicating the functional role 
of the identified ORE. 
Electrophoretic mobility shift assay (EMSA) was performed to further examine 
the c/^-acting elements on the gene promoters using nuclear extracts from tissues 
manipulated in vivo. Formation of DNA-protein complexes were observed when the 
proteins incubated with those ^^P-labeled cw-acting elements identified in the present 
study. 
iv 
In conclusion, this report has elucidated the regulatory mechanisms of sbPRLR 
gene transcription during hormonal challenges and salinity changes in teleosts, 
helping us to explain the differential gene expression profiles of sbPRLRl and 
sbPRLR2. Also the results of the present study provide initial observations on the 
significance of these kinds of regulations to shPRLRl and sbPRLR2 and functional 




















seabream)中克隆出兩種催乳激素受體基因的51端控制區域(5 '-flanking region)作 
起動子活性的硏究。 
利用即時轉染的方法(transient transfection)，將已克隆出來的基因組片段 
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Chapter I Introduction 
Chapter I Introduction 
1.1 Habitats and diversity of fish 
Fish represent the most ancient of vertebrate classes. It is postulated that early 
vertebrates living in terrestrial conditions emerged from aquatics. Organisms living on 
the land tend to lose water by evaporation, in which they evolve a well-developed and 
integrated system for homeostasis. Two-third of areas on Earth is covered by water. 
Marine animals are living in surroundings more concentrated than their tissue fluids. 
They lose water all the time. Likewise, animals living in hypotonic environment face 
the problem of water flooding into body. These problems led to the structural and 
physiological adaptations in order to maintain the balance of water and solutes. The 
diversity of aquatic lives provides us with a great opportunity to study homeostasis in 
living organisms. 
Five hundred million years ago, fish originated and diverged into three major 
taxes: (1) hagfish and lampreys; (2) cartilaginous fish; and (3) ray-finned fish (Fiol 
and Kultz, 2007, review). In their aqueous habitats, fish are exposed to a wide range 
of osmotic conditions. Of the three groups, the ray-finned fish (teleosts) evolve a 
strong systemic osmoregulation. They live in the habitats of different osmotic 
conditions. These differences in turn affect their abilities to respond osmotic changes 
adaptively. Generally, there are mainly two types of water on Earth, seawater (e.g. 
oceans) and freshwater (e.g. rivers). The interzonal area between seawater and 
freshwater usually with intermediate salinity is called brackish water. Like other 
aquatic (or semi-aquatic) vertebrates such as amphibians, fish respectively inhabit in 
the aqueous areas of different salinities. The daily variations in salinity determine how 
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they adapt to the changes. For instance, fish in deep ocean experience minor salinity 
fluctuations. This kind of fish depending on stable water salinity is called stenohaline 
fish. They are able to osmoregulate and maintain constant osmolality in their body 
fluids. It is not surprising to discover that over 95% of fish belong to this class. 
Examples are goldfish, catfish and carp. On the contrary, some species living in the 
river mouth experience daily and severe osmotic stress. Similarly, some species live in 
the environments of significant salinity fluctuations (e.g. intertidal zones, estuaries 
and desert lakes). Some other species migrate between seawater and freshwater in 
their life cycle. All these species have evolved mechanisms that allow them to cope 
with the osmotic stress, to tolerate and even to thrive in such waters. These species are 
named euryhaline fish, which accounts for about 5% of the fish population. Examples 
of this class are tilapia, sea bass, killifish and our animal model, the black seabream. 
Changes in plasma osmolality are often seen in euryhaline teleosts during adaptation 
(Jensen et ai, 1998). They are capable of maintaining their plasma concentration of 
electrolytes at a level which is only somewhat higher or lower than the external milieu 
(Hegab and Hanke, 1984). It is advantageous of being euryhalinity for the species to 
migrate freely from seawater and freshwater. This favors predator avoidance and/or 
increased food abundance rather than a physical constraint. 
1.2 Stress accompanied with osmotic changes 
The most fundamental aspect of survival for all organisms is to maintain a 
conserved ionic milieu in the cells. This is especially important for fish which are in 
direct contact with the aqueous environment. Sodium chloride (NaCl) is the major 
component of seawater (Boeuf and Payan, 2001, review). This chemical is 
osmotically effective, in spite of its low permeability (Woo and Kwon, 2002, review). 
Of particular challenges faced by marine fish than freshwater fish are (1) water loss 
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from body, and (2) the passive uptake of inorganic ions such as sodium ions and 
chloride ions. Such water and ion movements are due to the large difference of 
osmolality between the external environment and the body fluid. Usually seawater 
osmolality is around 1000 mOsm/kg H^O. It is about two-fold higher than the 
osmolality of body fluid of fish. For freshwater fish, decrease in external osmolality 
lead to water influx. Consequently, it causes an increase in cell volume and a decrease 
in the concentration of cell constituents. Cells maintain lower sodium ion but higher 
potassium ion concentrations than those present extracellularly. The resulting sodium 
ion gradient is maintained at an energetic cost. The use of extra energy in 
osmoregulation is partitioned from the energy originally utilized in movement, growth 
and nutrient uptake. The amounts of inorganic ions in seawater are far greater than 
those in the body fluid of fish. It is no doubt that the osmotic challenges are bigger for 
the species inhabited in marine in term of maintaining the ionic gradient between the 
external environment and body fluid. Moreover teleosts (bony fish) are one of the 
largest fish groups. Using marine teleosts are suitable models in studying 
osmoregulation. 
High ionic strength inside body is deleterious and stressful. The activity of many 
enzymes is inhibited. Hence the functions of proteins are perturbed owing to the 
increased concentration of ions (Yancey et al., 1982). Emerging evidence 
demonstrated that hypertonicity causes deoxyribose nuclear acid (DNA) damage. It 
was revealed by detection of DNA-damage inducible genes, activated tumor 
suppressor protein (e.g. p53) expressions and NaCl-induced mitochondrial reactive 
oxygen species when cultured cells are exposed to hypertonic media (Dmitriva et al., 
2000;Kultz et al., 1998). 
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1.3 Physiological consequences associated with osmoregulation 
1.3.1 Energy cost (energy metabolism) 
Fish in isotonic medium have the lowest metabolic rate, that is, the lowest 
metabolic consumption of energy. The savings can be directed to others aspects. 
When there is a conflicting demand in osmoregulation, any attempts are probably 
affected to "pay" this cost. Undoubtedly associated with major changes is 
carbohydrate metabolism. Findings from Sangiao-Alvarellos et al. (2005) supported 
that the carbohydrate metabolism could be related to the metabolic changes occurring 
during osmotic acclimatization in rainbow trout. An increase in gill glycogenolytic 
potential has also been observed in rainbow trout during seawater adaptation (Soengas 
et al., 1995). A similar increase in plasma glucose level has also been observed during 
seawater acclimatization (Madsen, 1990), suggesting high availability of this substrate. 
The findings suggest a higher use of glucose to provide adenosine triphosphate (ATP) 
needed for sustaining the increased metabolic cost on osmoregulation, as increased 
ATPase activity was found. Thus it is not surprising that other ATP-producing 
pathways can also be affected such as oxygen consumption (Boeuf and Payan，2001, 
review). Glucose may also be a significant plasma osmolytes in fish, as suggested by 
Cameron and Iwama (1989) and Mazik et al. (1991). Moreover, creatine kinase is an 
enzyme used to transfer energy between phosphagens which provides an acute energy 
source in excitable cells (e.g. muscle and heart cells). Weng et al. (2002) suggested 
that creatine kinase is able to provide energy for Na+K+ATPase (NKA) to conduct 
osmoregulation during acute salinity changes in Mozambique tilapia, particularly in 
seawater acclimatization. Metabolism and energy partitioning in different salinities 
may be influenced by other interactive processes, including tissue permeability to 
water and ion. 
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1.3.2 Food intake 
Many indications suggest that teleostean species would change food ingestion 
habits with the external water salinity (Boeuf and Payan, 2001, review). Also food 
intake was shown to reduce after acute stress (Amesen et aL, 1998, 2003; McCormick 
et al., 1998). Such behaviors are controlled by the central nervous system and several 
hormones including growth hormone (GH) and thyroid hormone (Le Bail and Boeuf, 
1997). GH and thyroid hormone are known to participate in osmoregulation. The 
downstream food conversion is also affected by salinity (Imsland et cd., 2001). The 
impaired food consumption process would also be a deleterious to survival. 
1.3.3 Reproduction and development 
In most species, starting from egg fertilization to early embryogenesis are 
dependent on salinity. The production of sex hormones is closely related to salinity 
changes (Onuma et al., 2003). Apart from influencing the proportion of both sexes, 
these sex hormones are shown to impair osmoregulation as demonstrated in a number 
of reports. McCormick and Naiman (1985) postulated the skewed sex ratio in brook 
trout was due to reduced male hypoosmoregulatory ability influenced by salinity. On 
the other hand, Dunson et al. (1998) observed limited growth and reproduction by 
salinity change in estuarine sheepshead minnow. High osmoregulatory capacity of 
killifish was found with a compensation of reducing reproduction-related signals 
(Wood and Marshall, 1994). Gonad development and onset of reproduction delayed 
by high salinities in Nile tilapia were also found (Fineman-Kalio, 1988). Moreover, 
larvae of black seabream showed high level of deformity at low salinity (Haddy and 
Pankhurst, 2000). Low ovulation rate (responding to luteinizing hormone), low 
fertilization rate, sperm motility and egg volume were also demonstrated to be 
influenced by salinity changes in the same report. 
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1.3.4 Growth 
Different from mammals and birds, growth in fish is continuous. The longer they 
live, the larger they become, and the more they become dependent on the external 
environments. Temperature, photoperiod and external salinity are shown to alter 
growth capacity in fish (Boeuf and Le Bail, 1999; Boeuf and Payan, 2001, review). 
These factors are essentially considered in aquaculture in order to obtain the best 
quality from minimal cost. Teleosts drinks seawater to compensate for the water loss. 
Such behavior already has an energetic cost. Young et al. (1989) demonstrated growth 
of coho salmon was stopped because osmoregulation was not controlled. Regarding 
energy rellocalization, energy demand in osmoregulation has comparative importance 
in term of survival. This extra energy cost slows down growth during osmotic 
challenges, as less energy is available to support growth. 
1.3.5 Immunity 
Nephrosin is a newly discovered gene which is responsible for immune functions 
in fish (Tsai et al., 2004). Boutel et al. (2006) showed that nephrosin is up-regulated 
in the gill of seawater- acclimatized sea bass. Other hormones such as prolactin (PRL) 
and GH are known to enhance immune functions in fish (Harris and Bird, 2000). 
However, another hypoosmoregulatory hormone, Cortisol, has immunosuppressive 
activity (Yada et al., 2001). Stress created by salinity fluctuations could also result in 
the secretion of Cortisol, a stress hormone released from adrenal glands. Bly et al. 
(1997) observed elevated adrenocorticotropic hormone and Cortisol levels which 
appeared to be responsible for the immunosuppression in fish, and thus predisposing 
fish to infectious diseases. Immune responses which protect against invading 
pathogens frequently involve interaction between innate and adaptive arms of the 
immune system. However the signaling mechanisms responsible for the effects of 
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these stress factors on immunity in fish are still poorly understood. Increase activity of 
lysozymes, one kind of innate responses, has been observed in seawater acclimatized 
trout (Marc et al., 1995). On the other hand, seawater adaptation leading to 
suppression of blood leucocytes in trout (Yada et al, 2004), is presumably due to 
Cortisol. The immune system may be recovered by repression of corticoid receptor 
expression (Yada et al., 2008). Therefore there is a possible interaction between 
osmoregulation and stress responses affecting fish immune system. 
1.4 Osmoregulatory systems in teleosts 
In fish, several organs work in a coordinated way to deal with osmotic changes. 
These organs are often called osmoregulatory organs namely gill, kidney and intestine. 
They are involved in osmoregulation mainly because of the localization of ion 
transporters or channels and their adaptive structures which facilitate water and ion 
transport. 
1.4.1 Ion transport 
Euryhaline teleosts, in particular, display a remarkable plasticity when adjusting 
body status between hypertonic or hypotonic medium. No matter in adapting to either 
medium, precise ion transport across the gill in response to external salinity is 
important. Ion transport across the gill is achieved by principal ion transporters 
primarily located in mitochondrial-rich chloride cells (MRCs or ionocytes) and/or 
pavement cells (Evan et al., 2005). 
There are two types of MRCs, seawater-type and freshwater-type. The identity of 
such MRCs is based on the shape, location and responses to different osmotic 
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conditions. The appearance of particular type of MRCs is also dependent on salinity. 
There is a hypothesis that lamellar MRCs are involved in freshwater while filament 
MRCs are involved in seawater adaptation (Hiroi and McCormick, 2007). As Takei 
and Hirose (2002) suggested, seawater-type MRCs differentiate and become dominant 
during seawater adaptation and vice versa. In both case, NKA, the enzyme responsible 
for actively pumping potassium ions into the cells and sodium ions out of the cells, is 
an essential participant in maintaining ion concentrations at an appropriate level. 
1.4.1.1 Mechanism in freshwater 
In freshwater, the combination of basolateral NKA and apical V-type H+-ATPase 
(VHA) is thought to form the driving force for uptake of NaCl via apical sodium 
channel and ClVHCOs" exchange (Avella and Bornancin, 1989; Katoh et al, 2003; 
Marshall, 2002). Figure 1.1 illustrates how the components in MRCs are involved in 
the driving uptake of NaCl in freshwater, as reviewed by Evan et al (2005). The 
apical area is firstly exposed to external environment. VHA provides the electrical 
gradient to draw sodium ions into the basolateral compartment via the sodium channel. 
The chloride ions in the external medium enter into the basolateral side through 
Cr/HCOs' exchange. Exogenous sodium and chloride ions from such process exit via 
MRCs by NKA at basolateral membrane. Another mechanism to counter the influx of 
water is the production of large volumes of diluted urine in kidney to enhance water 
loss out of the body. 
1.4.1.2 Mechanism in seawater 
In seawater, on the contrary, teleosts suffer from efflux of water and influx of ions 
through body surfaces. The accumulated ions across intestine and outer body surface 
are compensated by active excretion in the gill (Marshall, 2002; Tipsmark et al” 
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2004). As stated the composition of seawater is mainly sodium and chloride ions, with 
the remaining ions in the form of magnesium and sulphates. In the gill, sodium 
excretion occurs downhill (Figure 1.2). Pisam and Ramboura (1991) demonstrated 
that the basolateral membrane of MRCs is continuous with the tubular system and 
NKA is present on both the basolateral membrane and the tubular system (Kamaky et 
al； 1976). The NKA on extensively branched basolateral membrane energizes ion 
secretion by creating an electrochemical gradient. The gradient favors the exit of 
chloride ions via basolateral Na+K+2C1- co-transporter (NKCC) and apical cystic 
fibrosis transmembrane conductase regulator (CFTR). Such mechanism provides 
chloride ion secretion transcellularly (Evan et al., 2005; Marshall, 2002). 
To deal with water loss, the marine teleosts drink lots of seawater and produce 
concentrated urine in the kidney. Just like in mammals, water absorption in the kidney 
of teleosts is performed via the collecting duct. Water absorption is also facilitated in 
the intestine by the NKA and NKCC as well as the adaptive structures of intestine 
(Takei and Hirose’ 2002). The epithelial cells of teleosts intestine are flat. 
Vascularization under these epithelial cells assists water absorption and transport. The 
differentiated permeability of the intestine to different constituents also facilitates 
effective water absorption. The foremost part of the intestine is permeable to some 
ions but not water. Passive ion diffusion and active transport of ions by NKA and 
NKCC make the water passing there less concentrated. The posterior part of the 
intestine is water permeable. When less concentrated water arrives this part of the 
inrestine, water can enter into the body. The ions remained can be excreted in faeces 
and urine (Jobling, 1995). 
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Figure 1.1 Diagram illustrating the ionic exchange mechanism of mitochondrial-rich 
cells in freshwater. 
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1.4.2 Water channel 
To achieve effective water movement, water permeability is a critical point. 
Changes in water permeability in the gill and intestine are found to be mediated at 
least in part via regulation of aquaporin water channel (AQP) abundant in the epithelia 
cell membrane (Cutler et al., 2007). AQP has been studied in mammals and fish, 
including gene expression. Several members of AQP are discovered in which AQP4 
has been found to be a putative osmosensor in fish. The roles of AQP as an important 
protein for osmoregulation in fish have been established. For instance, Martiez et al. 
(2005) found that AQP is expressed in the gill, kidney and intestine and its expression 
is affected by salinity in European eel. Other members like AQPl, 2, 3, 9 have also 
been demonstrated to respond under hypertonicity (e.g. Matsuzaki et al., 2001; Storm 
et al., 2003). 
1.4.3 Accumulation of compatible osmolytes 
Osmoregulation minimizes the intracellular ion concentrations by adjusting the 
level of compatible osmolytes. These are small organic molecules that are generally 
accumulated by their corresponding transporters. The expression of these transporters 
is regulated by tonicity. By cumulating these osmolytes, the disturbed ion 
concentration can be restored. These osmolytes include mj^o-inositol, betaine, sorbitol, 
taurine, glycerophosphorylcholine, methylamines, polyols, amino acids and their 
derivatives. Some of them are actively transported into the cell by membrane 
transporters: sodium—oinositol cotransporter (SMIT), sodium/chloride/betaine 
cotransporter (BGTl) and sodium/chloride/taurine cotransporter (TauT) (Jeon et al., 
2006, review). 
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1.5 Kinetics on ion transporters 
1.5.1 Na+K+ATPase 
Fundamental to osmoregulation and ion exchange is NKA, an enzyme found 
abundantly in osmoregulatory organs. The NKA enzymes consist of three subunits a, 
P and 丫（Blanco and Mercer, 1998), encoded by separated genes, y-subunits have not 
been identified in teleosts yet, which function as to modulate affinity of whole NKA 
enzyme in mammals (Therien and Blostein, 2000). The a-subunit contains all the 
catalytic domains necessary for a functional enzyme. The p-subunit is critical for 
maintaining anchorage of the enzyme complex in the membrane and the overall 
protein functionality (Blanco and Mercer, 1998; Noguchi et al” 1990). Therefore it is 
postulated the rate-limiting factor for the formation of NKA is p-subunit, as proven in 
mammals (McDonough et al., 1990). The regulation on transcriptional and 
transnational of the subunits of NKA during salinity acclimatization and endocrine 
control has been examined in many teleostean species. NKA subunit expression 
increases when exposed to high salinity (brook truot, McCormick and Naimen, 1985; 
brown trout, Madsen et al., 1995; coho salmon, Boeuf et al.’ 1978; European eels, 
Cutler et al., 1995a and b; European sea bass, Jenson et al., 1998; Mozambique tilapia, 
Feng et al., 2002; silver seabream, Deane and Woo, 2004; spotted green pufferfish, 
Lin et al., 2004; yearling rainbow trout, Madsen and Naamansen, 1989), although 
unaltered level of the subunit mRNA is also reported (European eel, Marsigliante et 
al., 1997; striped bass, Tipsmark et al., 2004). The results are probably dependent on 
the tissues used. Similar to the expression, NKA activity is measured as a parameter 
of whole enzyme functionality. An increase in NKA activity has been detected during 
seawater acclimatization in several teleostean species (e.g. brown trout, Madsen et al,, 
1995; chum salmon, Uchida et al., 1996; European eel, Motais, 1970; killifish, Towle 
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et al., 1977; Mancera and McCormick, 2000). 
One of the proposed regulations of gill NKA by environmental salinity is that 
there is positive correlation between increased salinity and elevated NKA. This model 
has been proven in teleosts such as medaka, rainbow trout, Atlantic salmon and tilapia 
(Jensen et al., 1998; Sakamoto et al., 2001). As NKA is essential for ion transport in 
both seawater- and freshwater-acclimatizations, it is not surprising to detect a higher 
level of gill NKA in freshwater than in seawater (e.g. Australian sea bass, Langdon 
1987; Brazilian flounder, Sampaio and Bianchini, 2002; mullets, Gallis and 
Bourdichon, 1996). Such "U-shaped" response of NKA is found whereby the lowest 
activity occurs in isotonic conditions in order to maintain a minimal energetic cost. In 
addition, this pattern of response in NKA suggests diverse osmoregulatory strategy in 
different species of teleosts (Tipsmark et al., 2004). This response of NKA has been 
observed in a number of teleosts (e.g. European sea bass, Jensen et al., 1998; milkfish, 
Liu et al,’ 2003; silver seabream, Deane and Woo, 2004). On the other hand, limited 
changes in mRNA and protein abundance under osmotic challenges are believed as a 
high degree of preparedness for sudden change in environmental salinity, as proposed 
by Madsen et al. (1994). 
Various a- and p-subunit isoforms of NKA were detected. Different isoforms may 
be independently regulated and may have different kinetics (Richards et al,, 2003). 
These isoforms may result in NKA of different cation affinities. However it has been 
shown that the gill of some teleostean species usually expresses only one type of 
isoform at various salinities (e.g. European flounder, Stagg and Shuttleworth, 1982; 
European sea bass, Jenson et al., 1998; killifish, Towle et al., 1977; striped bass, 
Madsen et al., 1994). Although the expression pattern of isoforms is not consistent 
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among species (Bystriansky et al； 2006; Richards et al., 2003), the regulation of 
different isoforms can help explain the difference in adaptive ability among teleosts. 
1.5.2 Other ion transporters 
The osmoregulatory roles of other ion transporters are more specific to either 
freshwater- and seawater-adaptations. Following seawater adaptation, NKCC mRNA 
and protein abundance increase (Althantic salmon, Nilsen et al.’ 2007, Pelis et al., 
2001; brown trout, Tipsmark et al., 2002, European eel, Culter and Cramb 2002; 
killifish, Choe et al., 2006; lake and brook trout, Hiroi and McCormick, 2007; striped 
bass, Tipsmark et al., 2004). It is necessary to activate NKCC for chloride secretion, 
leading to an increase in intracellular sodium ion level, which in turn activates the 
NKA in MRCs. Therefore it has been suggested that NKCC has an important role for 
osmoregulatory adjustment (Culter et al., 1996; Mancera and McCormick, 2000; 
Tipsmark et cd., 2004). 
Another critical ion transporter during seawater adaptation is apical CFTR anion 
channel. Thus it is not surprising that CFTR is upregulated in euryhaline teleosts that 
are exposed to hypertonicity (Marshall and Singer, 2000; Nilsen et al.’ 2007; Singer et 
al., 2002). Just like NKCC which has two isoforms identified in mammals, two 
isoforms of CFTR have been identified in fish. It is proposed that they are 
differentially regulated. High level of CFTRII may be important for the rapid 
activation of CFTR when Altanic salmon was exposed to higher salinity (Nilsen et cd” 
2007), although an exception was detected in striped bass (Madsen et aL, 2007). 
Actually there are two proposed models for sodium ion uptake in freshwater 
acclimatization. An older model includes an apically located Na+/H+ exchange. 
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Another currently accepted model involves epithelial sodium channel and VHA. 
However, epithelia sodium channel has not been cloned in fish yet (Hiroi and 
McCormick 2007). On the other hand, H+-ATPase is frequently studied to reveal its 
importance as an electrogenic pump in freshwater (Avella and Bornancin, 1989; Lin 
and Randall, 1993; Lin et a!., 1994; Tipsmark et al., 2004). 
1.5.3 Other factors related to controlling ion transport 
Apart from modulating the expression hence the activity of various ion 
transporters on their own, there are additional ways of controlling ion transports. 
Some genes have been identified to participate in regulating ion transports. 
Heat shock protein family is rapidly synthesized for cytoprotection, helping 
refolding and repair damaged proteins associated with deleterious stress such as 
osmotic stress. Heat shock protein 70 is the major family. This multigene complex 
comprises a cognate and an inducible gene (Gethiry and Sambrook, 1992). Recent 
reports have demonstrated that heat shock cognate (hsc70) is involved in chloride ion 
transport via CFTR (Cyr et cd.’ 2004; Rubenstein and Zeittin, 2000). Having such 
responses, hsc70 expression seems to be linked to hypertonicity acclimatization. 
Osmotic imbalance stimulates renal prostaglandin production (Choe et cd., 2006). 
An enzyme cyclooxygenase (COX) is responsible for prostaglandin production. It is 
proposed that paracrine signaling (e.g. by COX) is involved in controlling ion 
transport. The candidate tissue of COX-mediated regulation of ion transport is the gill 
epithelium of teleosts. What's more, the expression of COX is demonstrated as an 
important factor in mediating NaCl secretion (Choe et al., 2005; Hao et al., 2002; 
Yang, 2003; Yang et al., 2002). Another gene related to ion transport that can be found 
- 1 5 -
Chapter I Introduction 
in kidney is multi-PDZ protein 1 (MUPPl). In mammals, it is demonstrated MUPPl 
can be upregulated by hypertonicity (Lanaspa et al, 2007). Any changes in MUPPl 
result in fencing function of MUPPl with translocation of membrane ion transporters 
such as NKA (Musch et al,, 2006). 
Various physiological responses towards osmoregulatory adaptation are integrated 
by endocrine system. The rennin-angiotensin system (RAS) is one of the major 
endocrine systems modulating osmoregulatory responses in vertebrates. The primary 
functions of RAS are (1) regulate blood pressure, (2) regulate blood volume, (3) 
drinking rate, and (4) electrolyte homeostasis (Kobayashi and Takei, 1996). The 
process can be achieved because the active form of angiotensin (angiotensin II) 
stimulates the release of aldosterone from adrenal cortex. The release of aldosterone 
causes an active uptake of sodium ions accompanied by water. However, the presence 
of aldosterone in fish still remains doubtful. As Sokabe et al (1968) stated, it is 
possible that secretion of other adrenocorticosteroids is controlled by RAS in fish. But 
anyway, it is believed that regulation of RAS is one of the strategies for the fish to 
survive whenever they encounter tonicity problems (Olson, 1992). NKA activity is 
one of the candidates that can be regulated by RAS, in which RAS usually activates 
NKA activity in different osmoregulatory organs (Marsigliante et al., 1997, 2000, 
2001; Wong et al., 2006) and controls Cortisol secretion and catabolism (Weld and 
Fryer, 1987; Wong et al., 2006). Therefore it is accepted that RAS is particularly 
important in seawater adaptation. Because of the integrated hormonal responses, it has 
been shown that other endocrine systems can cause compensatory events when RAS 
is suddenly “shut-off’ (Perrott and Balment 1990; Wong et al., 2006). 
Natriuretic peptides system also participates in such a coordinated network for 
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osmoregulation. The system consists of three types of peptides specific to either 
seawater- or freshwater-adaptation. Atrial and ventricular natriuretic peptides are for 
seawater-adaptation, while C-type natriuretic peptide for freshwater-adaptation 
(Hazon and Raiment, 1998; MoCormick, 2001). 
Other hormones secreted from the pituitary gland and renal glands are extensively 
studied. We are of interests on these hormones because of their roles on 
osmoregulation in teleosts. Apart from arginine vasotocin secretion from the posterior 
pituitary gland for adjustment of plasma osmolality, GH and PRL from the pituitary 
gland and Cortisol from renal gland are involved in maintaining or expanding the 
capacity of water and ion transport within any given aqueous environments and 
following changes in salinity. This part is described as below. 
1.6 Pleiotropic hormones involved in osmoregulation 
1.6.1 Growth hormone/ insulin-like factor-1 axis in seawater adaptation 
In fish, growth is continuous and highly dependent on environmental factors. The 
most important system for controlling fish growth and development is the 
somatotrophic axis. This axis composes GH and insulin-like factor-1 (IGF-1). GH is a 
single-chain protein of about 200 amino acids containing two disulphide bridges. GH 
has many possible non-somatotrophic effects in fish including osmoregulation, 
insulinotrophic, metabolic and steroidogenic actions (Bern and Madsen, 1992). 
Particularly regarding the osmoregulatory role of GH, it is later demonstrated to 
possess growth-independent actions (Madsen 1990b) such as seawater adaptability 
which is a highly size-dependent character in euryhaline teleosts. With respect to 
osmoregulation, injection of recombinant GH to hypophysectomized salmonids and 
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non-salmonids (e.g. tilapia, seabream and killifish) gives evidence on the 
osmoregulatory actions of GH，suggesting that this role of GH is widespread among 
teleosts (Bjornsson, 1997; Kelly et al., 1999; Sakamoto, 2003). Early from 1950's GH 
administration was demonstrated to increase capacity of brown trout to tolerate 
salinity changes (Smith 1956). The increased tolerance to salinity changes is 
accompanied by (1) elevated number and size of gill MRCs; (2) elevated expression 
of subunits and overall activity of NKA; and (3) increased expression of NKCC 
(McCormick, 2001; Sakamoto et al, 1993, review), leading to a decrease in plasma 
osmolality and sodium ion level. 
Some of the actions of GH are through IGF-1 (Biga et al., 2004; Sakamoto and 
McCormick, 2006; Seidelin et al,, 1999). GH is known to induce increased 
IGF-lmRNA in liver，gill, kidney and brain (Biga et al., 2004; Carnevali et al., 2005; 
Deane et ai, 2002; Sakamoto and Hirano, 1993) when exposed to seawater. 
Exogenous treatment of IGF-1 increases salinity tolerance by increased number of gill 
MRCs, NKA activity, and transport capacity of gill and renal epithelia (Madsen and 
Bern, 1993; Mancera and McCormick, 1998a and b; Sakamoto et al.’ 2001; Seidelin 
et al., 1999). Moreover increased IGF-1 level during seawater adaptation is also 
reported in catfish (Drennon et al., 2003), rainbow trout (Shephred et al., 2005) and 
Chinook salmon (Beckman et al, 1998). 
The endocrine and paracrine actions of GH/IGF-1 axis have been demonstrated 
largely in salmonids and limited non-salmonid species. The role of GH and/or IGF-1 
as osmoregulatory hormones was further investigated. GH treatment stimulates gill 
NKA activity and salinity tolerance in Mozambique tilapia (Borski et al., 1994; 
Sakamoto et al., 1997). The same hormone increases gill NKA activity and ion 
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regulatory capacity in striped bass (Madsen et al., 1996). Administration of GH/IGF-1 
increases salinity tolerance and gill NKA activity in killifish (Mancera and 
McCormick, 1998a). Nevertheless exceptions on hypoosmoregulatory roles of 
GH/IGF-1 are also observed (e.g. gilthead seabream, Mancera et al., 2002; silver 
seabream, Deane and Woo, 2004). 
1.6.2 Prolactin in freshwater adaptation 
PRL, different from GH, is a single-chain protein with three disulphide bridges. 
The functions of PRL were first summarized by Nicoll and Bern (1972). Later the 
categories were further modified in the areas of osmoregulation, reproduction, growth, 
immunity, energy metabolism and synergism with steroids (Freeman et al., 2000, 
review). The importance of PRL as an osmoregulatory hormone was first discovered 
in killifish, that PRL has a role in ion uptake mechanism in freshwater (Pickford and 
Phillips, 1959). Since then, evidence of PRL as a freshwater-adapting hormone in fish 
has emerged. Apart from gene expression, synthesis, secretion, plasma level and 
metabolic clearance of teleosts adapting in freshwater have been carried out in 
salmonids and non-salmonids such as goldfish, killifish, molly, and tilapia (Manzon, 
2002, review; Sakamoto and McCormick, 2006). Thus it is widely accepted that PRL 
is a freshwater-adapting hormone, but this is not always true among teleosts. Hirano 
(1986) has summarized the effects of PRL on all osmoregulatory surfaces in teleosts. 
Generally PRL decreases (1) gill sodium influx; (2) osmotic water permeability; (3) 
ion and water absorption in intestine; (4) water absorption from bladder; and (5) gill 
NKA activity. On the other hand, it increases (1) skin and gill mucus secretion; (2) ion 
absorption from bladder; (3) glomerular size; and (4) kidney NKA activity. 
The existence of two forms of PRL (PRL 177 and PRLigg) has been shown in some 
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teleosts such as Mozambique and Nile tilapia as well as Japanese eel (Manzon, 2002, 
review). They are of different biological activities and are regulated in response to 
alterations in environmental salinities (Borski et al,, 1992, Auperin et al., 1994). 
Hence it is suggested that PRL 177 possesses somatotrophic actions and decreases 
water permeability whereas PRLigg is involved in plasma sodium and chloride ion 
regulation in hypotonic environment (Manzon, 2002, review; Sakamoto, 2003). PRL 
has marked effects on MRCs in terms of distribution and number by inhibiting the 
development of seawater-type MRCs and promoting morphological change of ion 
uptake cells (Herndon et al., 1991; McCormick, 1995; Pisam et al., 1993), although 
exception has been reported in silver seabream (Kelly et a/., 1999). 
Findings which are contradicted to increased gill NKA activity by PRL in 
freshwater have been reported. The contradictions were attributed by differences in 
species, environments and homologs of PRL used (Manzon, 2002, review). Similarly, 
there is no consensus with respect to the effects of PRL on kidney NKA activity. 
Studies have shown that PRL either increases (Espstein et al., 1969) or has no effect 
(Kelly et al, 1999; Madsen et al.’ 1995; McCormick et al., 1989; Sangiao-Alvarellos 
et al., 2006) on kidney NKA activity. This suggests PRL may be primarily responsible 
for water balance instead for ions. 
1.6.3 Dual osmoregulatory role of Cortisol, the major corticosteroid in fish 
The most important interrenal hormone in teleosts is Cortisol. Immediate release of 
Cortisol characterizes the stress in teleosts. Cortisol is related to energy reallocations, 
helping to restore homeostasis (Wendelaar Bonga，1997). Treatment of Cortisol 
increases concentration of glucose in blood and glycogen in muscle and liver 
(Bergerhoft and Hanke, 1967; Inui and Yokote, 1975). A number of external stimuli 
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can increase circulating Cortisol levels. One of them is external salinity (Assem and 
Hanke, 1981). Conventional concepts on Cortisol are based on the effects of Cortisol 
during acclimatization of a species of teleost. Cortisol was found acting on 
osmoregulation at the level of gill and kidney (Henderson and Garland, 1980). 
The significance of Cortisol for adaptation was summarized by Assem and Hanke 
(1981). It was revealed generally that Cortisol is able to stimulate (1) NKA enzyme in 
gill and intestine; (2) the release of sodium from gill; (3) proliferation of 
seawater-type MRCs; (4) expression of NKCC in both mRNA and protein level; and 
(5) water absorption in esophagus and intestine (Hegab and Hanke, 1984; Hirano et 
a l , 1975; Hirano and Uichida, 1971; Kelly and Wood, 2002; McCormick 1995; Zhou 
et al,, 2003). As a result, Cortisol is regarded as a putative seawater-adapting hormone. 
These properties of Cortisol were demonstrated in a number of teleosts such as 
European eel (Scheer and Langford, 1976), killifish (Pickford et al., 1970), 
Mozambique tilapia (Darge 1986) and sea trout parr (Madsen 1990b). 
Similar to IGF-1, the action of Cortisol on GH is found to be additive or 
synergistic (Madsen 1990b). Injection of GH and Cortisol together gives a greater 
effect on NKA and NKCC activity (Pelis and McCormick, 2001). Moreover, 
osmoregulatory and metabolic roles of GH was proposed to be mediated by Cortisol, 
as increased number and affinity of gill corticoid receptor and Cortisol turnover after 
GH treatment were observed (Shrimpton et al., 1995). 
Surprisingly, Cortisol treatment increases ion regulatory capacity when exposed to 
hypotonic conditions (Mancera et al., 1994). Zhou et al. (2003) observed that Cortisol 
and PRL together has a greater effect than either hormone alone in vitro. These actions 
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are attributable to the stabilizing action of the hormone on paracellular permeability. 
Likewise, two hormones together cause a greater increase in plasma ions than either 
hormone alone in hypophysectomized channel catfish (Eckert et al” 2001) by 
reducing passive permeability (Zhou et al., 2003). Although the interaction between 
PRL and Cortisol was first proposed with doubts, an increasing body of evidence 
further supports Cortisol can act on both GH and PRL in enhancing their abilities in 
seawater- and freshwater-adaptations respectively. For example, Kiilerich et al. 
(2007b) demonstrated that Cortisol worked in both directions through glucocorticoid 
receptors. Thus a dual osmoregulatory (bidirecetional) role of Cortisol is of rising 
scientific interest (Evan, 2002; Mancera et al., 2002; McCormick 2001). 
1.7 Growth hormone receptor (GHR), prolactin receptor (PRLR) and signaling 
pathways 
GH and PRL are pituitary polypeptide hormones that share common structures. 
They belong to a big family of cytokines and their effects are mediated by their single 
transmembrane domain receptors. It is believed that these hormones and their receptor 
are arisen as a result of gene duplication and early divergence originated from a 
common ancestral gene (Forsythd Wall is, 2002; Rand-Weaver et al., 1993). Their 
receptors, GHR and PRLR for GH and PRL respectively, are members of the class I 
cytokine receptor superfamily. All members in this family are single-pass, 
transmembrane and their extracellular domains are conserved including several pairs 
of conserved cysteine residues and a W-S-X-W-S (WS) motif. These features are 
important in proper folding and trafficking of the receptor as well as ligand binding 
(Freeman et al.’ 2000). In the intracellular domain two regions are conserved. They 
are box 1 and box 2 which are important in signal transduction. The proline-rich box 1 
is associated with a tyrosine kinase called Janus kinase (JAK). A less conserved box 2 
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is believed to be involved in the internalization of the receptor (Covers et al., 1999). 
Activation of GHR/PRLR involves a ligand-bound receptor dimerization 
illustrated in Figure 1.3. One binding site of PRL/GH binds with one PRLR/GHR to 
form an inactive complex. Another PRLR/GHR binds to a second binding site of the 
same PRL/GH. This trimeric complex primarily activates the JAK/signal transducer 
activation of transcription (STAT) pathway where mitogen activated protein kinase 
(MAPK) pathway and Src kinase downstream are included. 
The presence of more than one form of the receptors is suggested (Sandra and 
Prunet, 1998). Later, the evidence on the co-existence of two forms of receptors was 
successfully provided (GHRl and GHR2, Jiao et a!., 2006; PRLRl and PRLR2, 
Huang et al., 2007) in a single teleost in terms of differential signal transduction, 
tissue distribution and hormonal regulation of expression. And this phenomenon is 
specific to teleostean species. Regarding PRLR, it was found that in the two PRLRs 
that, (1) cysteine resides in extracellular domain; (2) WS motif; and (3) box 1 are 
conserved. All features indicate similar hormone binding and signal transduction 
pathway of the two PRLRs in black seabream. It is believed that co-existence of two 
PRLRs encoded by two different genes was the result of the fish-specific genome 
duplication event. Moreover, the functional analyses reported by Huang et al. (2007) 
provide us information on the significances of the two PRLRs or otherwise one of 
them should have been eliminated during evolution. 
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Figure 1.3 Mechanism of activation of cytokine receptors. Binding site 1 on the 
molecule interacts with one receptor to form an inactive complex. A 
second receptor is recruited and binds to binding site 2 to form the 
trimeric complex (modified from Manzon, 2000, review). 
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1.8 Involvement of sex hormones on osmoregulation 
The effects of sex hormones on seawater adaptation have been well established in 
several salmonids including Atlantic salmon, Baltic salmon and brook salmon 
(Lundqvist and Berg, 1989; McCormick and Naiman, 1985; McCormick et al., 2005) 
and non-salmonids such as killifish (Mancera et al, 2004) and Mozambique tilapia 
(Vijayan et al., 2001). The most commonly studied sex hormones are estrogens and 
testosterone, the two hormones that are important during sex maturation. 
1.8.1 Estrogens 
Endogenous estrogens as well as environmental estrogens have been shown to 
impair seawater adaptability. Early evidence was built up using salmonid species as 
models. Generally estrogens reduce MRC density and associated NKA activities in 
gill (Atlantic salmon, Madsen and Korsgaard, 1991; Madsen et a!., 1997; Masu 
salmon, Ikuta et al., 1993). In non-salmonid species, estrogens decrease NKA and 
metabolic activities in the gill and liver (killifish, Mancera et al., 2004; Medaka, Yada 
and Ito, 1999; Mozambique tilapia, Vijayan et al., 2001). Thus the 
hypoosmoregulatory capacity of fish is reduced by estrogens. 
The pathway used by estrogens to affect osmoregulation is poorly understood. 
Probably estrogens exert their effects on acclimatization by indirect actions. One of 
the indirect actions is acting on PRL. PRL is known to decrease gill NKA activity. 
There are several in vitro and in vivo studies demonstrated estrogens stimulate 
pituitary PRL cells hence the production and release of PRL (Barry and Grau, 1986; 
Nagahama et al., 1975; Olivereau et al., 1986; Wigham et al.’ 1977), suggesting a 
direct effect of estrogens on osmoregulatory hormones through a direct effect on 
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osmoregulatory organs (Guzman et al., 2004). Poh et al (1997) stated that GH/IGF-1 
could be another target for the estrogens, by increasing the seawater adaptive capacity 
of teleosts. However Mancera et al.’ (2004) argued for estrogens not acting through 
this pathway in killifish. Likewise estrogens were proven not to affect Cortisol level in 
Mozambique tilapia (Vijayan et al., 2001) in which Cortisol can stimulate NKA 
activity in teleosts. 
Estrogens can reduce circulating thyroid hormone level (Atlantic salmon, 
McCormick et al., 2005; Japanese eel; Qu et al., 2001; Masu salmon, Yamada et al., 
1993; rainbow trout, Leatherland, 1985). The function of thyroid hormone in 
hydro-osmotic balance is still controversial. But, Lopez-Bojorquez et al. (2007) gave 
evidence on the direct participation of thyroid hormone in osmoregulation in teleosts 
and supported the explanation for estrogen action. 
The effects of estrogens in impairing osmoregulation are not consistent among 
teleosts. In gilthead seabream estrogen could reduce circulating PRL and therefore 
reduce the inhibitory effects of PRL on NKA activity (Guzman et al., 2004). Similar 
result was also observed in killifish (Mancera et al., 2004). Estrogen-induced calcium 
metabolism (Perrson et a/” 1998) seems to be another possibility to affect 
osmoregulation becuase changes in calcium metabolism can alter water and ion 
permeability as well as epithelia integrity (Mancera et al, 2004). 
1.8.2 Testosterone 
Androgens can decrease downstream migratory behaviors and salinity tolerance 
in salmonids (Berglund et al., 1994; Lundqvist and Berglund, 1989; McCormick and 
Naiman, 1985; Schmitz and Mayer 1993). Findings from McCormick and Naiman 
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(1985) established seawater adapting ability of sexually mature male brook salmon 
reached the lowest level when gonadosomatic index was high. It was consistent with 
the findings showing that 17a-methyltestosterone could increase growth but have 
negative effect on salinity tolerance in coho salmon (Fagerlund and McBride, 1975). 
These results suggest androgens (or other sex steroids) possess a direct effect on 
osmoregulatory process. Impaired osmoregulation eventually leads to a skewed sex 
ratio and ecological impacts. 
There are contradicting results of thyroid hormone level affected by androgen 
administration (Ikuta et al., 1987). Whether testosterone exerting its effects on 
osmoregulation in the same way in estrogens remains to be elucidated. The inhibitory 
effects of androgens on osmoregulation are characterized by gill MRC, NKA activity 
(McCormick and Naiman, 1985; Miwa and Inui, 1986; Schmitz and Mayer, 1993) and 
calcium metabolism (Perrson et al., 1998). Similar to the case of estrogens, this 
negative relationship is not always true (for example Atlantic salmon, Jarviet et al., 
1991). 
1.9 Biological actions of GH through GHR and PRL through PRLR 
GH and PRL are cytokines and their respective receptors mediate the diverse 
biological effects. Because of the diversity of the action of these hormones, their 
receptors are widely distributed in many organs and tissues varying from brain, liver, 
muscle to osmoregulatory organs. 
1.9.1 Regulation of GHR 
Several reports have demonstrated a decrease in hepatic GH binding in 
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hypophysectomized teleosts such as Japanese eel (Hirano, 1991; Mori et al.，1992) 
and rainbow trout (Sakamoto and Hirano 1991). The cDNAs of GHR have been 
identified in several teleosts: black seabream (Tse et al., 2003), salmon (Fukada et al, 
2004), Japanese flounder (Nakao et al., 2004) and Mozambique tilapia (Kajimura et 
a/., 2004). The underlying regulatory mechanism of GHR in response to salinity as 
well as sex steroids requires further elucidation. Yet hepatic GHR expression was 
found to be regulated by nutrients, GH itself (Gray et a!., 1992) and salinity (Pierce et 
al., 2007). 
1.9.2 Regulation of PRLR 
PRL exists in two quite different forms in teleosts. The two PRLs were shown to 
be differentially regulated by hypertonicity (Auperin et al” 1994; Yada et al., 1994) 
with different binding affinity to PRLR (Auperin et al., 1994). It was further 
examined in hypertonic environment, showing an increase in (1) binding of PRL to 
receptor, (2) affinity of PRL to PRLR, and (3) numbers of PRLR (Auperin et al., 
1995). The tissue distribution pattern of fish PRLRs has been examined. Generally 
PRLR expresses in primary osmoregulatory organs, consistent with the specific 
binding activity (Auperin et al., 1995). A number of teleostean species were used in 
such experiments such as Nile tilapia (Sandra et al., 1995; 2000), goldfish (Tse et al., 
2000), Japanese flounder (Higashimoto et al” 2001); gilthead seabream (Santos et al., 
2001), rainbow trout (Rouzic et al., 2001) and pufferfish (Lee et al., 2006). Such 
distribution pattern suggests the osmoregulatory role of PRLR. The cDNAs of PRLR 
have also been identified in mammals (Moore and Oka, 1993; Scott et al., 1992), 
avian (Tanaka et al., 1992; Chen and Horseman, 1994) and teleosts (gilthead 
seabream, Santos et al., 2001; goldfish, Tse et al” 2000; Japanese flounder, 
Higashimoto et al., 2001; Mozambique tilapia, Shiraishi et al” 1999; Nile tilapia, 
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Sandra et al., 1995; pufferfish, Lee et al., 2006; rainbow trout, Rouzic et al., 2001). 
Multiple transcripts have been detected in goldfish (Tse et al., 2000) and gilthead 
seabream (Santos et al., 2001). Although expression of PRLR in response to 
hypertonicity is in good agreement with the fact that PRL modulates hydromineral 
balance in freshwater (Sandra et al., 1995, 2000; Shiraishi et al, 1999), exceptions 
were also observed. High amount of PRLR mRNA was detected in osmoregulatory 
tissues and seawater-type MRCs (Auperin et a/., 1995; Higashimoto et al., 2001; 
Kiilerich et al., 2007b; Santos et al, 2001; Weng et al., 1997). Therefore it is 
predicted that teleosts have PRL/PRLR system to acclimatize themselves to sudden 
osmotic changes in environments (Higashimoto et al” 2001). The physiological 
advantage of increased PRLR expression is still elusive. There is increasing number 
of reports studying on PRLR in salinity adaptation or hormone treatment (e.g. 
Cortisol). Yet little is known on the underlying mechanisms of such changes triggered 
by salinity. Unlike GHR, it was shown PRL itself was not the major factor regulating 
the expression of PRLR in tissues (Sandra et al., 2001). This differs from those 
reported in early the 90's (Auperin et al., 1994; Ayson et al, 1993), and in mammals 
(Djiane and Durand, 1977; Posner et al” 1975). 
Although the effects of sex steroids on PRLR expression are already well 
established in mammals, evidence on PRLR regulation under hormonal challenge in 
teleosts has emerged only recently. Information of testosterone on teleosts is even 
scarce. In rat, PRL-binding activity was decreased by testosterone treatment in kidney 
(Marshall et al., 1976) and in liver (Kelly et al.，1987). On the other hand, the binding 
activity was increased by estrogens in liver (Posner et al., 1974). Pi et al. (2003) 
demonstrated upregulated mRNA expression of PRLR in female rat brain in vitro and 
in vivo. This further supports the roles of PRL in brain functions such as sexual and 
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maternal behaviors, although the expression pattern is different in various brain 
regions. To our knowledge, the effects of sex steroids on PRLR expression were first 
demonstrated in gilthead seabream. It was demonstrated that this depends on the stage 
of maturation of the fish (Cavaco et al,，2003). 
In mammals, glucocorticoids were found to be important regulators of PRLR 
expression in kidneys and adrenals (Marshall et al” 1978). In teleosts, Cortisol was 
suggested to be a good candidate modulator of PRLR expression (Assem and Hanke, 
1981). However the regulatory mechanism of PRLR expression under Cortisol 
challenge in teleosts is poorly understood. 
1.9.3 Promoter characterization 
The initiation of transcription involves RNA polymerase binding to a specific 
DNA sequence called a promoter. Many promoters contain consensus sequence for 
RNA polymerase called TATA box. The frequency of transcription initiation is often 
affected by binding of suitable transcription factors to upstream elements including 
CAAT box and GC box. These c/^-acting elements responsible for particular stimuli 
can bind to the same transcription factors so that the expression of numerous genes is 
altered simultaneously. The binding of transcription factors on cw-acting elements can 
be tissue-specific, stress-specific and stage-specific (Pedersen et al., 1999, review), 
although transcription not involving cw-acting elements is also demonstrated (Dong et 
cd., 2006). Not all cw-acting elements can positively initiate transcription. The 
expression of a gene can be repressed by either inhibiting transcription factors binding 
or the presence of negative cw-acting elements (Schoneveld et al,’ 2004). 
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As an initial step in understanding the molecular basis of differential gene 
expression, identifying functional cw-acting elements and trans-diQixng factors 
provides understanding of regulatory mechanisms of gene expression by different 
challenges. 
Characterization of mammalian PRLR promoters has been performed. Differential 
PRLR expression by certain stimuli (e.g. sex hormones) is found to be controlled by 
different promoter usages of different first exons (Moldrup et al., 1996; Tanako et al., 
2005). The transcription factors known to be related to PRLR expression include 
C/EBP (Hu et al., 1998), hepatocyte nuclear factor 4 (HNF4) (Moldrup et al； 1996), 
Spl (Hu et al., 1998) and steroidogenic factor I (Hu et aL, 1997). 
Hormone response element (HRE) is the DNA sequence responsible for hormonal 
actions of promoters. Nuclear hormone receptors constitute a family of transcription 
factors that function by binding to HRE. The sequence of HRE is well established. It 
is generally composed of six-base-pair receptor binding site separated by a variable 
number of spacing nucleotides. The combination of sequence spacing and orientation 
determine the specificity of HREs. HREs that are related to the present study include 
androgen response element (ARE), estrogen response element (ERE) and 
glucocorticoid response element (GRE). Their consensus sequences are well 
documented, although non-consensus functional regulatory elements have also been 
reported. The c/^-acting element responsible for tonicity is introduced in the following 
section. 
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1.10 Adaptation to tonicity-ORE/OREBP pathway 
Cells shrink and the concentrations of intracellular ions are elevated when exposed 
to hypertonic environments. The abnormal level of ions causes protein perturbation 
which can be deleterious. Thus organisms elicit a number of adaptive cellular 
responses to alleviate such osmotic problems, including synthesis and accumulation of 
organic osmolytes to replace intracellular electrolytes. These molecules include 
sorbitol, betaine, taurine and glycerophosphocholine which do not perturb 
macromolecules. Except glycerophosphocholine, elevated levels of these compatible 
osmolytes result from upregulated gene expression of corresponding transporters and 
enzymes. Such widely studied genes include aldose reductase (for sorbitol synthesis 
from glucose), sodium/m少 o-inositol cotransporter (SMIT, for transporting 
mj^o-inositol), sodium/chloride/betaine cotransporter (BGT, for transporting betaine) 
and sodium-chloride-coupled taurine transporter (TauT, for transporting taurine). 
Since then, intensive efforts have led to identification of a genomic regulatory element 
that mediates hypertonicity-induced stimulation of transcription of these genes. The 
regulatory element is named tonicity responsive enhancer element (TonE) or osmotic 
response element (ORE) and the consensus sequence is documented (Miyakawa et al., 
1998; Takenaka et al” 1994). Further experiments confirmed this sequence can drive 
reporter expression and is protected in DNA footprinting assay when exposed to a 
hypertonic condition. Later it was demonstrated multiple OREs work in synergy, 
which increases binding affinity of proteins to the promoter. More recently, the 
identification of ORE is not limited to the mentioned genes. Discovery of OREs on 
the other gene promoters such as UT-A transporter (Nakayama et al., 2000), 
aquaporin family (Arima et al., 2003; Kasono et al., 2005; Umenishi and Schrier, 
2002; Zhou et al., 2006), deiodinase 2 (Lopez-Bojorquez et al” 2007), GHR (Jiang et 
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al., 2000; Moffat et al., 1999; Pekhletsky et al, 1992), heat shock protein 70 (Heo et 
al., 2006; Woo et al., 2002b), cyclooxygenase-2 (Yang et al,, 1999) and osmotic stress 
protein of 94kDa (Kojima et al., 2004) which are not supposed to be involved in 
osmolyte accumulation and synthesis, suggesting the integration of other systems on 
osmoregulatory adaptation. 
Based on specific binding to ORE, the transcription factor(s) binding to this 
sequence have been cloned using yeast-1-hybrid system (Miyakawa et al,, 1999) and 
affinity binding (Ko et al” 2000). This transcription factor is named ORE binding 
protein (OREBP) or TonE binding protein (TonEBP). Yet this protein bears no 
similarity to the homolog in prokaryotes (Kultz and Csonka, 1999, commentary). 
OREBP is found to be ubiquitously expressed and bound to ORE via a Rel-VikQ 
NH2-terminal domain. However the amino acid sequence is highly conserved between 
OREBP and nuclear factor of activated T cells 5 (NFAT5). Thus OREBP is also 
termed NFAT5. Activation of OREBP which binds to ORE is a key point in 
hypertonicity-induced transcription. Therefore studies have then focused on the 
regulation of OREBP. 
Lee et al (2003) demonstrated that the activation of OREBP is mediated by its 
five discrete domains working in synergy. OREBP mRNA is detectable in the kidney, 
brain, lung, liver, spleen, heart, gonads and skeletal muscles in mammals, suggesting 
either OREBP plays a role in cell protection by accumulating osmolytes (Miyakawa et 
al,, 1999; Nagase et al., 1998) or cell growth as well as metastasis (Go et al., 2004; 
Jaulioc et al., 2002). Phosphorylation is required to activate OREBP. Several protein 
kinases are presumably involved such as p38 MAPK, protein kinase A and tyrosine 
kinases Fyn (Ferrais et al., 2002; Ko et al., 2002). Yet no individual one is sufficient 
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for full activation. This phosphorylation is hypertonicity-induced (Dahlet et al., 2001). 
In the same report, they proposed that phosphorylation may promote nuclear 
localization and binding to regulatory elements. This nucleocytoplasmic trafficking is 
also supported by the work of long et al, (2006). 
Time lag between translocation and gene induction indicates that full hypertonic 
gene induction requires other factors that are of slow activation. It is later revealed 
that the rate-limiting step is the induction of OREBP mRNA level. In vivo footprinting 
analyses demonstrated that increased abundance of OREBP could lead to increased 
binding to ORE sites of cotransporter genes. This suggests the abundance of OREBP 
is the key factor in controlling hypertonicity-induced gene transcription (Miyakawa et 
al” 1998, 1999). 
Other proteins that are involved in osmoregulation have also been discovered. 
Examples are hypoxia-induced factor-1 (Zhou et al., 2006) and osmotic stress 
transcription factor 1 (Fiol and Kultz, 2005). It was observed and suggested OREBP 
may interact with other proteins to form a larger ORE-protein complex in 
combination (Chen et al., 2007; Ko et al,, 2000; Miyakawa et al., 1998). 
OREBP is suggested to work in hypotonic adaptation as well (Woo and Kwon, 
2002). That is, OREEBP is able to respond in both increased and decreased tonicity 
(Woo et ai, 2002a, review). 
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1.11 Animal m o d d 
Black seabream is commercially available in Hong Kong. They are of important 
commercial value in Asia, Canary Island (Pajuelo and Lorenzo, 1999) and the 
Mediterranean Sea. It is a euryhaline teleost and its living habitats include intertidal 
zones, estuaries and ocean. Different species of the seabream family have been used 
for research on teleostean osmoregulation because of their euryhalinity. The 
advantage of tolerating a wide range of salinities as an excellent osmoregulator 
provides a good model in investigating the molecular regulation of euryhalinity in 
teleost. 
. : j m m ^ ^ ^ 
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Figure 1.4 Black seabream used in the present study. 
1.12 Rationale and objectives of the project 
The study of osmoregulation is of great importance in understanding how teleosts 
cope with environmental fluctuations and stimuli. 
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It was previously demonstrated that two PRLRs co-exist in a single species of 
teleosts (Huang et al” 2007). The tissue distribution and signal transduction pathways 
are different for the two receptors. The co-existence of two PRLRs encoded by two 
separated genes can help to clarify the discrepancy of the results of PRLR expression 
under hypertonicity published so far. Upregulation of PRLR under hypertonicity is 
generally observed in marine teleosts like Japanese flounder (Higashimoto et al., 2001) 
and gilthead seabream (Santos et al., 2001). However, unaltered or downregulation of 
PRLR under hypertonicity is observed in freshwater teleosts (e.g. Sandra et al, 2000; 
Shiraishi et al., 1999). Seawater adaptation predominates in marine teleosts. They 
have probably evolved different PRL/PRLR systems favorable to seawater adaptation 
for survival in marine. It is of great interest to investigate PRL as well as PRLR in 
marine species. Therefore it is also interesting to know if it is an important feature 
among marine teleosts. 
Kelly et al. (1999) have found that PRL can interact with both GHR and PRLR. 
They have also observed an increase in intestinal NKA activity after administration of 
ovine PRL in silver seabream, suggesting an alternative role of PRL in fish. Thus it is 
reasonable to note the seawater-adaptive role of PRL. Kelly et al. (1999) strongly 
suggest that PRL acts as a stress hormone for a short period of adaptation. Because 
two forms of PRL were found and their different roles during adaptation to 
hypertonicity were suggested (Auperin et al., 1994), therefore differential gene 
expression of the two PRLRs under hypertonicity is expected for modulating the 
responses to these PRLs. The study of gene expression of PRLRs can provide a more 
complete picture of the adjustable osmoregulatory machinery in marine teleosts. This 
can help to explain the high degree of tissue resistance to the changes in ion-osmotic 
status in marine teleosts. 
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Dysfunctions of the osmoregulatory systems by external stimuli such as endocrine 
disrupters are well established in teleosts, but the underlying regulatory mechanisms 
are poorly understood. Likewise different kinds of osmoregulatory genes have been 
identified. Nevertheless the reasons behind the differential expression pattern are yet 
elucidated. To further understand the regulatory mechanisms, exploring their possible 
individual and/or coordinated roles, characterization of the two gene promoters is 
important. This can help us to explain (1) contradicted expression of two PRLRs in 
response to sex steroids, and (2) the discrepancy of current results on the effects of 
sex hormones on osmoregulation. The discovery of c/^-acting elements for hormonal 
responses explains possible actions of estrogen/androgen on osmoregulation, that 
PRLR is believed to be involved in osmoregulation. 
Overall, it is interesting to understand how marine teleosts can adapt to different 
kinds of environments, attributing to osmoregulatory ability of species assessed and 
reflecting adaptive capacity of the species. Such tolerance is critical for the population 
size, distribution and habitat exploration of the species. Given that different 
acclimatization responses and strategies have been evolved among teleosts, it is 
worthwhile determining how endocrine system controls osmoregulation among 
teleosts and to what degree the system has been shaped during evolution in dealing 
with osmotic problems. 
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Chapter II Materials and methods 
2.1 Animals 
Black seabream {Acanthopagrus schlegeli) of both sexes were purchased from 
fish farms in Sam Mun Tsai (Hong Kong, China) or in Panyu (China), weighing 
between 100 to 300g. The fish were acclimatized in seawater (35 ppt, 900 mOsm/kg 
H2O) for at least 5 days prior to salinity changes (for in vivo experiments). All 
experiments were conducted in accordance with guidelines as established by the 
University Committee on the use and care of laboratory animals at the Chinese 
University of Hong Kong. 
2.2 In vivo experiments 
A suitable salinity environment was prepared by dissolving the appropriate 
amount of commercial sea salt with dechlorinated water to give hypersaline water (55 
ppt, 1384-1503 mOsm/kg H2O). For each experiment, fish (N=6-10) were placed into 
tanks with running artificial seawater (control group) or hypersaline water and 
constant aeration at around 25-28°C. Control and experimental groups were handled 
in the same manner. Fish were sacrificed 6, 48 and 120 h after hyperosmotic challenge. 
Animals were sacrificed by decapitation. Gill and kidney tissues were collected and 
frozen in liquid nitrogen or immersed in RN A later solution (Ambion, Austin, TX, 
USA) and then stored at -20�C until RNA extraction. 
2.3 In vitro experiments 
The method of preparation of primary gill and kidney organ cultures were based 
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on the ones developed by McCormick et al. (1989) and Lopez-Bojorquez et al (2007) 
respectively, with modifications. Fish purchased from a local fish farm were 
immediately killed by decapitation. Primary gill filaments and kidneys were then 
removed from the fish (N=3-4). The dissected organs were immersed in ice-cold 
Hank's Buffered Salt Solution (HBSS) with 10 unit/ml penicillin and 10 ^g/ml 
streptomycin (Invitrogen, Carlsbad, CA, USA). Gill arches were removed and the gill 
filaments as well as kidney tissues were rinsed with antibiotics-containing HBSS for 
at least 5 times. Primary gill filaments were served just above the septum and 
separated from one another. Gill filaments were cut into small fragments and divided 
into equal fractions. On the other hand, the kidneys were cut into small pieces. Kidney 
explants were randomly assigned to control or experimental fractions. Each fraction 
was placed separately into 24-well culture plates (Iwaki, Japan) which were already 
filled with 1 ml of LI 5 medium containing 10% FBS and 10 unit/ml penicillin and 10 
|ig/ml streptomycin (Invitrogen, Carlsbad, CA, USA) in each well. The gill filaments 
and kidney explants were pre-incubated at 20°C without CO2 for 1 day. 
The gill filaments and kidney explants were then incubated in serum-free LI5 
medium with additional 50, 100 and 150 mM NaCl at 20�C for 6 h. The treated 
tissues were then frozen in liquid nitrogen, and stored at -80°C until subsequent 
RT-PCR analysis. 
2.4 RNA preparation 
RNA extraction was performed according to manufacturer's instructions. One 
millilitre of Tripure isolation solution (Roche Applied Science, Mannheim, Germany) 
was added to each tube with a small piece of tissue. The tissue samples were broken 
mechanically with a tissue tearor homogenizer at high velocity. The solution was 
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immediately transferred to ice-cold RNase and DNase-free eppendorf tubes. 
Chloroform was added to the tube which was then vigorously shaked and incubated in 
ice for 15 min. The mixture was then centrifuged at 11,900 g for 15 min at 4�C. The 
upper supernatant was transferred to new tubes. RNA was precipitated with 0.5 ml 
isopropanol with shaking and final incubation in ice for 10 min. The precipitated total 
RNA was collected by centrifugation at 11,900 g for 10 min at 4°C. RNA pellet was 
washed with 1 ml 75% ethanol and centrifuged at 7, 500 g for 5 min at 4°C. RNA was 
then air-dried and resuspended with 50 |LI1 RNase-free water. The isolated RNAs were 
quantified with A260 readings and checked for quality on formaldehyde/agarose gels. 
2.5 RNA integrity - formaldehyde agarose gel electrophoresis of mRNA 
The agarose gel was prepared with agarose and diethyl pyrocarbonate (DEPC). 
The agarose was melted and 1 OX 3-(N-morpholino)propranesulfonic acid (MOPS), the 
running buffer was added to the agarose-DEPC water colloid. After cooling down, 
37% formaldehyde was added. RNA samples were denatured at 65°C for 10 min and 
ice chilled. IX MOPS was used as running buffer. A voltage of 70V was applied. 
Electrophoresis was stopped until the bromophenol blue dye had migrated to more 
than half of the gel. The gel was subsequently examined under an UV light 
transilluminator. 
2.6 Reverse transcription polymerase chain reaction (RT-PCR) 
Total cellular RNA from tissue culture was reversed transcribed with oligo(dT) 
according to the manufacturer's instructions (Promega, Madison, WI, USA) with 
some modification. Two mircogram of total RNA was used for cDNA synthesis. 
Reverse transcription was carried using 10 mM of each dNTP, ImProm-II 5X reaction 
buffer, 25 mM MgCb, recombinant RNasin ribonuclease inhibitor and ImProm-II 
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reverse transcriptase. PGR was conducted with 5 min at 25°C, 90 min at 42°C and 15 
min at 70°C. The first strand cDNAs were stored at -20�C until further analysis. 
2.7 Polymerase chain reaction PCR 
All gene specific primers were designed from the nucleotide sequences of the 
cloned cDNA sequences. The primers were synthesized by Tech Dragon Ltd. (Hong 
Kong, China). Table 2.1 summarizes the sequences of all primers used in the 
experiments. PCR amplification was carried out using 0.5 |LI1 CDNA as template, LOX 
reaction buffer, 10 |LIM forward and reverse primers, 10 mM of each dNTP, and 2.5 
units of Taq DNA polymerase in a final volume of 25 |LI1. A total of 35 cycles were 
conducted, each cycle consisting of 30 s at 94°C, 30 s at 55°C (unless otherwise 
stated), 1 min at 72°C, except the first denaturation which was perfromed for 2 min 
and the last elongation reaction for 10 min. The reaction was carried out by the 
TaKaRa PCR Thermal Cycler (Takara, Japan). A 2.5 |il sample of each PCR product 
was electrophoresed on a 1% agarose gel. The products were then resolved by agarose 
gel electrophoresis. After staining with ethidium bromide, the PCR products could be 
visualized on an UV light transilluminator. 
2.8 Quantitative Real-time PCR 
SYBR® Green I (Applied Biosystems, Warrington, UK) was used to moniter 
real-time PCR. The reaction mixture included 2X master mix, forward and reverse 
primers (1 ^M) and cDNA sample. The concentration of cDNA sample added and 
annealing temperatures for the gene specific primers were deduced by a standard 
curve and a melting curve in validation experiments, respectively. Amplification was 
performed on an MJ Research PTC 200 Peltier Thermal Cycler with Chromo4 
continuous fluorescence detector (Bio-Rad, Hercules, CA, USA). The conditions were: 
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10 min at 95°C, followed by 40 cycles consisting of 30 s at 95�C, 30 s at 57.2, 57.6, 
58’ 58 and 60.1�C for sbPRLRl, sbNKA P-subunit, sbp-actin, sbPRLRl and sbNKA a-
subunit respectively, and 45 s at 72°C. The expression levels of the target genes would 
be normalized to a 'housekeeping gene', which, sb^-actin in this case. Relative 
expression levels are determined using a development of the arithmetic comparative 
method where Ct is the cycle reaching threshold value. Final results were 
presented by comparing relative expression between treatment and control in 
real-time. 
A C t sample — C t sample 一 C t housekeeping gene 
A C t control — C t control — C t housekeeping gene 
Fold induct ion = 2 _ e � — l - AQ sample) 
Gene Primers annealing 
temperature (°C) 
sbp-actin F: 5 ’ -ACC CAG ATG ATG TTC GAG ACC-3 ‘ 
R: 5’-ATG AGG TAG TCT GTG AGG TCG-3， 
SbPRLRl F: 5'- CGG TCT TCT GTG CCT TCA TCT -3’ ^^ 
R: 5,- CAC CAG CAA GTC CTC GTA GTT AG -3， 
sbPRLR2 F: 5'- TCT GCC TCC TGT TCC TGG TC -3’ ^^ 
R: 5,- GAA GCC AGC AGG AAT AAT CAA G -3, 
SbNKA F: 5'-AAG GCTATC CCTAAG GGG GTG GG-3’ 4 
g-subunit R: 5'-CAT GTC AGTTCC CAG GTC CAT AC-3’ . 
SbNKA F: 5'-TTC ATC GGG ACC ATC CAA GCC AT-3, ^^ ^ 
p-subunit R: 5'-GCC GCC GAT ACC GTATAC TTG AT-3， • 
Table 2.1 Primer sequences for gene expression studies for sh^-actin, sbPRLRl, 
sbPRLR2, sbNKA a-subunit and sbNKA P-subunit. 
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2.9 Cell culture 
GAKS cells (RIKEN BioResource Center, Ibaraki, Japan) and MDCK cells 
(ATCC, Manassas, VA, USA) were maintained in Dulbecco's Modified Eagle's 
Medium supplemented with 10% FBS and 10 unit/ml penicillin and 10 |Lig/ml 
streptomycin (Invitrogen, Carlsbad, CA, USA) at 37�C with 5% CO2. GAKS cells are 
goldfish scale fibroblast cells while MDCK cells are Madin-Darby canine kidney cells. 
Transfected GAKS cells were exposed to 17p-estradiol (E2), testosterone and Cortisol 
(Sigma, St. Louis, MO, USA) while transfected MDCK cells were exposed to osmotic 
stress by culturing in hyperosmotic media. Hyperosmotic medium was prepared by 
adding 100 mM NaCl. Hyperosmotic media in dose-response studies were prepared 
by adding 10, 50, 100, 150 and 200 mM of NaCl. 
2.10 Bioinformatics search 
Using 2.3kb of the cloned sbPRLRl and 2.2kb of the cloned sbPRLR2 gene 
promoter regions, computational searches for transcription factor binding sites (TFBS) 
were performed. To this end the public version of TF search 
(http://www.cbrc.jp/reasearch/db/TFSEARCH.html) and TESS 
(http://www.cbil.upenn.edu/cgi-bin/tess/tess?RQ二SEA-FR-QueryS) were used. The 
available matrices and threshold score up to 90 were considered. Putative ARE, GRE 
and ORE were deduced with reference to published results. 
2.11 Plasmid constructions 
Isolation of the 5'-flanking region of sbPRLRl and sbPRLR2 genes was 
previously described (Huang et al., 2007). Briefly, the transcription start site of the 
sbPRLR genes was determined by 5，-rapid amplification of cDNA ends. 
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Gene-specific primers were designed at the most 5'-ends of both cDNAs of sbPRLR 1 
and sbPRLRl. Then, the 5'-flanking region of sbPRLR genes was obtained by using 
TM 
the Universal Genome Walker Kit (BD Biosciences Clontech, Pala Alto, CA, USA). 
Five Genome-Walker libraries (Dral, EcoRV, PvwII, Stu\ and Seal) were constructed 
according to the manufacturer's instructions. The plasmid vectors containing the 
sbPRLRl gene promoter (2.3kb) and shPRLR2 promoter (2.2kb) were generated in 
pGL3-basic vector. A series of progressively shorter sbPRLRl and sbPRLR2 gene 
promoter constructs in the pGL3-basic luciferase reporter vector were made by PGR. 
For sbPRLRl, the fragments were obtained from two primers containing two 
restriction enzyme cutting sites, namely Nhe I and Xho I, and then the product was 
cloned into the Nhe VXho I sites of the pGL3-basic vector. For sbPRLR2, the 
fragments were obtained by using restriction enzyme cutting sites Sac I and Hind III, 
and then the product was were inserted into the Sac VHind III sites of the pGL3-basic 
vector. The ligation mixture containing 5X ligation buffer, T4 DNA ligase (Invitrogen, 
Carlsbad, CA, USA), enzyme-digested promoterless vector and promoter constructs, 
was prepared and incubated at 4°C overnight. The reaction mixture was used to 
transform competent cells of Escherichia coli strain DH5a. Transformation was 
carried out under following conditions: (1) Competent cells were added into ligation 
mixture and incubated on ice for 30 min; (2) The reaction was heat-shocked at 42°C 
for 75 s and immediately chilled on ice for further 5 min; (3) The bacteria were 
recovered at 37°C for at least 1 h. The transformed cells were plated onto 
ampicillin-containing LB plates and grown overnight at 37°C. Positive clones were 
checked by PGR using pGL3-basic vector primers (F: 
5‘-CTAGCAAAATAGGCTGTCCC-3‘, R: 5'-TATGTTTTTGGCGTCTTC -3’）. 
Tilapia {Oreochromis niloticus) OSTFl (osmotic stress transcription factor 1) 
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expression plasmid was also prepared. Tilapia was killed and the gills were removed. 
First strand cDNA was prepared as described. Primers for amplifying the coding 
region of OSTFl gene were designed according to the published nucleotide sequence 
(Fiol and Kultz, 2005). PGR reaction was carried by initial denaturation at 94°C for 2 
min, 94°C 30 s, 55°C 30 s, 72°C 75 s for 15 cycles and a final extension at TTC for 
10 min using GeneAmp High Fidelity PCR system (Applied biosystems, Warrington, 
UK). A PCR product of 669 bp was obtained and purified by QIAquick Gel 
Extraction Kit (QIAGEN, Valencia, CA, USA) and subcloned directly into 
pcDNA3.1/V5-His TOPO vector following the manufacturer's instructions (Invitrogen, 
Carlsbad, CA, USA). Positive clones were verified by sequencing and the results were 
compared with the published sequence. Two clones were selected in the subsequent 
experiments for comparison. 
All the plasmid DNA preparations used in the present study for transfection 
experiments were prepared using the QIAprep Spin Miniprep Kit (QIAGEN, Valencia, 
CA, USA). The primer sequences and enzyme cutting sites were listed in Table 2.2. 
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Primer name Primer sequence Amplicon Purpose 
size (bp) 
PRl-F 5'- aaa gGC TAG CGG AGA ATG CTG CAC TCT GTT 2361 
-3’ 
PRl-Fl 5'- gaa aGC TAG CGT CAC TGC GGT CTG TAC AAT 1972 
-3’ 
PR1-F2 5，- cct tGC TAG CTT CTC TCC AGA GGA TTT GTC -3, 1571 Preparation of a 
PR1-F3 5'- ccc aGC TAG CCC TTT AAG CTT CAC ATA CAC 1041 "enes ^'-deletion 
, , constructs of 
-J 
PR1-F4 5'- caa aGC TAG CTA CTC CAT CAC ATC TCA GCC 716 ‘ 匕 ？ 腿 1 gene 
， ’ promoter 
PR1-F5 5'- ctt tGC TAG CAC CAC TGC ACG GTT GCT TTA -3’ 337 
PRl-R 5'- aaa aaC TCG AGT CCA CCG CCT CTC AGT CC -3' — 
Restriction sites: Nhe\- GCTAGC Xho\- CTCGAG 
PR2-F1 5'- ccc cGA GCT CTC ACC CAA AAA TGG AAA TTC 1834 
-3， 
PR2-F2 5'- gaa aGA GCT CAG CCA GTG TAT GTA GTG GGA 1517 
-3， 
PR2-F3 5'- cca aGA GCT CGG TTT GTG TTT TGG TGC AC A 1049 
-3, 




PR2-F5 5'- ggg aGA GCT CCA GTA CAT AGG GAA AAG AGT 529 
,， sbPRLR2 gene 
-3， 
PR2-GRE-F 5'- aac ggg GAG CTC ATG CTC AGC TGA TTT ACT -3' 1971 promoter 
PR2-ARE-F 5'- ccg gGA GCT CTA TTG TGT TTT GTA GAT T -3， 1667 
PR2-ERE-F 5 ’- aaa aGA GCT CCT CCA TCT CCA CCG AGT G -3 ’ 1612 
PR2-R 5'- tgg gaa GCT AGC TTC ACC TGA GGT GGA GTA — 
TGT A-3' 
Restriction sites: Sac\- GAGCTC HmdUl- GCTAGC 
Tila-OSTFl- F: 5'- ATG TCA GAT GAC GAC TGC CT -3’ 669 Amplification of 
ORF-F R: 5'-TTA TAC AGC AGA ACC AGT GC -3’ tilapia OSTFl 
coding region 
Table 2.2 Primer sequences for preparing 5，-end deletion constructs of sbPRLRl and 
sbPRLR2 gene promoters and tilapia OSTFl expression plasmid. The 
restriction enzyme sites are stated, bolded and underlined. 
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2.12 Transient transfection 
GAKS expresses glucocorticoid receptor (GR) and androgen receptor (AR) but 
not estrogen receptor (ER) as indicated by RT-PCR using gene specific primers 
(Huang et al.’ 2007). Transient transfection of the GAKS cells was carried out using 
the Lipofectamine Reagent (Invitrogen, Carlsbad, CA, USA). The cells were seeded 
onto 24-well culture plates (Iwaki, Japan) at a density of 1.5 x 10^  cells per well on 
day one. The GAKS cells were transfected with 0.5 |Lig of gene promoter construct in 
pGL3-basic and 0.05 |ig pR-CMV vector containing the Renilla luciferase reporter 
gene (as a control for transfection efficiency) in 250 |LI1 serum-free medium on day 
two. After 5 h of transfection, the medium was aspirated away and replaced with 
complete growth medium. The transfected cells were treated with different steroid 
hormones, namely 17p-E2, Cortisol and testosterone in serum-free medium for a 
further 24 h. For the cells treated with E2, 100 ng of goldfish estrogen receptor alpha 2 
(gfERa2) was also co-transfected and the medium was phenol-red free. Transient 
transfection of the MDCK cells was carried out in the same way, except the treatment 
was shifted to NaCl. For the co-transfection study in MDCK cells, 0.5 fag of tilapia 
OSTFl expression plasmid was co-transfected with 0.5 |ig of the sbPRLRl and 
sbPRLR2 gene promoter constructs and 0.05 |xg pR-CMV vector containing the 
Renilla luciferase reporter gene. 
2.13 Luciferase assay 
On day four, the cells were washed with PBS and lyzed by passive lysis buffer 
(Promega, Madison, WI, USA). Active lysis for MDCK cells was required. Firefly 
luciferase activity from pGL3-basic reporter vector and Renilla luciferase activity 
from pRL-CMV vector were measured by the Dual luciferase assay system (Promega, 
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Madison, WI, USA) on a luminometer (EG&G, Berthold, Germany).The activity of 
firefly luciferase was normalized against the Renilla luciferase activity and expressed 
as the fold induction relative to the activity of the promoterless pGL3-basic vector. 
2.14 Site-directed mutagenesis of sbPRLRl and sbPRLRl gene promoters 
The mutations were introduced by PGR. Sequences of mutant primers were 
shown in Table 2.3. Two methods of PCR-based site-directed mutagenesis were used. 
2.14.1 One-round PGR amplification 
PGR amplification was carried out using 0.5 |il plasmid as template, lOX pfu 
reaction buffer, 10 )LIM forward and reverse mutant primers, 10 mM of each dNTP, 
and pfu DNA polymerase (Promega, Madison, WI, USA) in a final volume of 20 |li1. 
A total of 20 cycles were conducted, each cycle consisting of 30 s at 94°C, 30 s at 
55°C and 8 min at 68°C, except the first denaturation which was performed for 2 min 
and the last elongation reaction for 10 min. The reaction was carried out on a TaKaRa 
PGR Thermal Cycler (Takara, Japan). The PCR products were Dpn I digested for 3 h 
at 37°C to eliminate the wild-type templates. The digestion mixture was purified by 
QIAquick PCR Purification Kit (QIAGEN, Valencia, CA, USA). Transformation and 
PCR checking were performed as described. Positive clones were verified by 
sequencing to check if the desired mutations were successfully introduced. 
2.14.2 Sequential PCR amplification 
Sites for two oligonucleotide primers, the forward and reverse primers (F and R), 
flank the cloning site. Enzyme cutting sites were introduced into the flanking primers. 
In two separate reactions of /?/w-based PCR amplification, fragments upstream (F-1) 
and downstream (2-R) of the point mutations were PCR-amplified using the flanking 
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primers and oligonucleotides containing the point mutations to be introduced (primers 
F and 1, 2 and R, Figure 2.1). The amplified fragments were purified by QIAquick 
PCR Purification Kit (QIAGEN, Valencia, CA, USA), then placed in the same tube 
and amplified in a second PCR step (using primers F and R only, Table 3). The final 
PCR products were electrophoresed on a 1% agarose gel. The full-length fragment 
was isolated and extracted by QIAquick Gel Extraction Kit (QIAGEN, Valencia, CA, 
USA) and digested with the appropriate restriction enyzmes, subcloned into an 
appropriately cut pGL3-basic vector, and then transformed into E. coli. The resultant 
plasmid contains an inserted fragment identical to the original DNA except for the 
point mutations. 
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Figure 2.1 Introduction of a point mutation into a specific DNA fragment. Sites for 
two oligonucleotide primers, F and R flank the cloning site. In two 
separate reactions, fragments upstream (F-1) and downstream (2-R) of the 
point mutation are PCR-amplified using the flanking primers and 
oligonucleotides containing the point mutation to be introduced. The 
complete sequence is obtained by using primer F, R, and the templates 
obtained by separated PCRs in a single reaction. The final product is 
subcloned into pGL3-basic vector and the sequence is verified by 
sequencing (adopted from Current Protocols in Molecular Biology). 
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2.15 Nuclear extract preparation for electrophoretic mobility shift assays 
(EMSA) 
The preparation of nuclear extracts was based on the method developed by 
Lopez-Bojorquez et al. (2007). Gill tissues with steroid treatments were previously 
prepared (Huang et al., 2007). Both gill filaments and kidney tissues subjected to 
osmotic challenge were used. 
Control or experimental tissues were resuspended in hypotonic buffer comprising 
10 mM N-[2-Hydroxyethyl]piperazine-N'-[2-Ethanesulfonic Acid] (HEPES), pH 7.9, 
10 mM posstaium chloride (KCl), 1 mM Ethylenediaminetetraacetic acid (EDTA), 5 
mM dithiothreitol (DTT). The cells were broken mechanically with a homogenizer at 
low velocity. Homogenates were incubated at 4°C for 30 min to settle down, and the 
supematants were collected in new ice-cold eppendorf tubes. 
Nuclei were centrifuged at 800 g to separate them from the cytoplasmic fraction. 
The pellet was recovered, resuspended in hypertonic buffer consisting of 50 mM 
Tris-HCl, pH 7.9, 400 mM NaCl，400 mM KCl, 10%, glycerol, 1 mM EDTA, 5 mM 
DTT and 0.5 mM phenylmethanesulphonyl fluoride (PMSF). The solution was 
agitated at 4°C by vortexing for 1 min for every 5 min for a total of 30 min. After 
centrifugation at 16,000 g for 25 min at 4°C, the supernatant was resuspended in an 
equal volume of dilution buffer (20 mM HEPES, pH 7.9, 50 mM KCl, 20% glycerol, 
0.2 mM EDTA, 0.5 mM PMSF and 1 mM DTT). Protein concentration was quantified 
by the Bradford method (BioRad, Hercules, CA, USA). The nuclear extracts were 
stored at -80°C until use with minimum freeze-thaw cycles. 
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2.16 Electrophoretic mobility shift assays (EMSA) 
2.16.1 Preparation of annealed complementary oligonucleotides 
The complementary oligonucleotides with a length of 32~39bp were designed 
and synthesized by Invitrogen (Carlsbad, CA, USA). These oligonucleotides were 
designed to incorporate the putative c/5-acting elements at the middle and the flanking 
sequences with addition of four overhanging bases. The sequences of mutant probes 
were equivalent to as shown in Table 2.3 except 4 extra bases were introduced at 
5'-end. The sequences of the probes in the EMSA were shown in Table 2.4. 
Three hundred picomolar of complementary oligonucleotides were mixed with 
lOX annealing buffer ( 200 mM Tris-HCl, pH 7.5, 100 mM MgCb and 500 mM NaCl) 
giving a volume of 60 |xl by adding autoclaved water. The reaction was heated at 
80°C for 10 min. The annealed complementary oligonucleotides were allowed to cool 
down at room temperature overnight. They were stored at -20°C until use. 
2.16.2 Preparation of radiolabeled oligonucleotides 
The 5' overhangs were labeled with [y-^^P]-deoxyATP (specific activity 
6000Ci/mmol, Perkin Elmer, Massachusetts, USA; specific activity 5000Ci/mmol, 
GE Healthcare, Milwaukee, USA) using T4 polynucleotide kinase (Promega, 
Madison, WI, USA). A labelling cocktail was prepared with 2 fil of annealed 
complementary oligonucleotides, 5 jil of [y-^^P]-deoxyATP, 2 fxl of reaction buffer 
and 10 units of T4 kinase, and water to a final volume of 20 jil. The reaction was 
incubated at 37°C for 1 h. Then the radiolabled probes were purified on Microspin 
G-25 columns (GE Healthcare, Milwaukee, USA) and stored at -20°C until use. 
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2.16.3 Preparation of non-denaturing polyacrylamide gel 
A 5% non-denaturing polyacrylamide gel was prepared by mixing 6 ml of 30:0.8 
acrylamide-bisacrylamide, 0.5 ml 10% aluminium persulfate (APS), 3ml of lOX 
running buffer (Tris-glycine buffer, 0.19 M glycine, pH 8.5, 25 mM Tris and 0.5 mM 
EDTA), 30 |il TEMED and water to a final volume of 30 ml. The gels were pre-set 
and stored at 4°C one night before EMSA. 
2.16.4 Electrophoretic mobility shift assay 
The non-denaturing polyacrylamide gels were pre-run at 30 mA for 1 h at 4°C. 
During the pre-run process, DNA-protein binding reactions of the probes and nuclear 
extracts were performed. Ten microgram of the nuclear extracts was incubated with 1 
|Lil radiolabel probe (~5000cpm/fmol) and buffer containing 12 mM HEPES, pH 7.9, 
60 mM KCl, 0.5 mM DTT, 12% glycerol, 5 mM MgCb, 0.2 昭 of dl-dC/^g (GE 
Healthcare, Milwaukee, USA) of protein in a volume of 25 )LII for 30 min on ice. 
Binding reactions (1) without nuclear extracts, (2) with addition of 30-fold excess 
unlabeled probes as competitors, and (3) with mutant probes instead of the wild-type 
probes were separately prepared as controls. 
The protein-DNA complexes were resolved at 30 mA for 3 � 4 h at 4°C in 
PROTEAN II xi system (Bio-rad, Hercules, CA, USA). After electrophoresis, the gel 
was dried, and the DNA-protein complexes were visualized by exposure in a Storage 
Phosphor Screen (GE Healthcare, Milwaukee, USA) for 2 h in the dark at room 
temperature. The screens were read on a Typhoon THOTM Variable Mode Imager (GE 
Healthcare, Milwaukee, USA). 
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Target Primer sequence 
SbPRLRl 
ERE 5'-^ATChTAGACACTATGTTAGGAGG TCAGGGCGTTCTG -3’ 
3' -ATCTGTGATACAATCCTCCAGTCCCGCAAGAC^T^ -5' 
GRE 5'-|GATC^GGCTTCCCAGAGAAAGTGAACACAATTGGAGA -3' 
3� -ACCGAAGGGTCTCTTTCACTTGTGTTATCCTCTjCT^ -5' 
ORE 5'- ^^^^rC|TAACGTAACAGAAAATGGAAATACTTTAGTGA -3' 
3 ’ - ATTGCATTGTCTTTTACCTTTATGAAATCACT^m^ 一 5 ’ 
sbPRLR2 
ERE 5'-^ArC|TGCTTTTTTTCAACAGGTCAGGTTAGAATAC - 3 ' 
3'- ACG A A A A AAAGTTGTCCACTCC A A T C T T A T G ^ m ^ S ‘ 
ARE 5 ' - ^ A ^ C C C A A A A A T G G A A A T T C A T C A T C T A C T T T T G A AG -3' 
3'- TGGGTTTTTACCTTTAAGTAGTAGATGAAAACTTC|CTAG|-5' 
GRE 5'- ^Arc|CTGGAAATGTGATTAATACTGTTCTTATAGTCAGT -3' 
3'- GACCTTTACACTAATTATGACAAGAATATCAGTCA|CTAG|-5' 
ORE 5'- ^^^GGTAGAAGGGTGGAGTGGAAAACTACCAGCCC -3' 
3 ’ -CCATCTTCCCACCTCACCTTTTGATGGTCGGGICTAGI -5' 
Table 2.4 Sequences for the complementary oligonucleotides of sbPRLRl and 
sbPRLRl gene promoters with corresponding target c/^-acting elements in 
EMSA. All the putative transcription factor binding sites are underlined and 
bolded. The four overhanging bases are enclosed by rectangles. 
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2.17 Data analysis 
All data were expressed as mean values士S.E.M. Data were considered 
statistically significant at P<0.05 using either one-way analysis of variance (ANOVA) 
or unpaired Mest. 
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Chapter III Result: In vivo gene 
expression studies 
3.1 Aim of the chapter 
This chapter aims to investigate the regulation of expression of sbPRLRl, 
sbPRLR2, sbNKA a- and sbNKA P- subunit throughout the time course of hypersaline 
water adaptation (6 h, 48 h and 120 h) in vivo. The gene expression profiles can help 
to understand the role of each PRLR under hypertonicity, justifying the significance of 
the co-existence of two PRLRs in a single teleost. Study of NKA subunit expression 
provides information about the strategy utilized by black seabream to cope with the 
osmotic changes. 
3.2 Results 
3.2.1 Validation of real-time PGR 
The specificity of real-time PGR reaction is determined entirely by the specificity 
of the primers and the annealing temperature is dependent on the primers used. 
Careful primer design can minimize the effects of any side-reaction products in 
real-time PGR reactions. A melting curve with a sharp peak beyond 80°C would be 
observed when optimal annealing temperature is used. A quantitation curve shows the 
relationship between the signal given when the fluorescence dye bound 
non-specifically to double-stranded DNA and the cycles conducted. In quantitation 
graph, the curve should show exponential growth. Figure 3.1 shows the quantitation 
graph and melting curve for sbp-actin. 
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Figure 3.1 Validation experiment for sb/3-actin. (A) is the quantitation graph and (B) is 
the melting curve. Red lines were for the target gene and the green lines 
were for the negative control. 
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After finding the optimal annealing temperature, standard curves for each target 
and reference would be prepared using different cDNA concentrations. The 
constructed curves should be linear with high R^ value, indicating that the real-time 
PCR functions well to quantify the mRNA levels of the target genes. The most 
suitable concentration of cDNA added for analysis could also be found. Triplicates 
were prepared. After reaction, average Ct values were plotted against cDNA 
concentrations in log scale. Figure 3.2 shows the standard curves for sbp-actin, 
sbPRLRl, sbPRLRl, sbNKA a-subunit and sbNKA P-subunit. 
From the results, the optimal annealing temperatures are as follow: for sb^-actin 
and sbPRLRl: 57.2°C; sbNKA j^-subunit: 57.6°C; sbPRLRl: 58°C, and sbNKA a 
-subunif. 60.1°C. 
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Figure 3.2 Standard curves of the target genes and housekeeping gene. The curves 
should be of high R^ value, indicating the real-time PCR functions well to 
quantify mRNA levels. Housekeeping gene: (A) sbp-actin\ target genes: (B) 
sbPRLRl \ (C) sbPRLR2\ (D) sbNKA a-subunit and (E) sbNKA P-subunit. 
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3.2.2 Transcript levels of sbPRLRl，sbPRLR2, sbNKA a- and sbNKA p-subunit after 
transfer offish from seawater to hypersaline water 
3.2.2.1 Gill 
Transcriptional regulation of sbPRLRl and sbPRLR2 as well as sbNKA a- and 
sbNKA P-subunit was examined in two osmoregulatory organs challenged with 
hypersaline water of 55 ppt sea salt. The time course study was done up to 5 days 
after transfer. After 6 h in hypersaline water, upregulation of the two sbPRLR genes 
was observed in the gill {P <0.001, Figure 3.3A). SbPRLR2, in particular, was highly 
expressed (12.64±0.48 fold induction) compared with the seawater control (Figure 
3.3B). Nevertheless the sbPRLRl level was restored to a level similar to the seawater 
group 2 days after exposure whereas the sbPRLR2 level still remained fairly high 
(3.42±0.094 fold induction). Another significant induction of sbPRLRl occurred 5 
days after transfer (2.250±0.89 fold induction as compared to the seawater group; 
Figure 3.3A). In contrast, sbPRLR2 level continued to decline to around 2-fold 
induction after 5-day exposure compared to the seawater group. 
The transcript levels of gill sbNKA a-subunit were maintained at a substantial 
level (about 3 to 4-fold induction) throughout the treatment period of up to 120 h 
(Figure 3.4A). When compared to the seawater group, there was an insignificant 
difference in the amount of NKA p-subunit mRNA in the gill throughout the treatment 
period of up to 48 h (Figure 3.4B), although the induction was significant was shown 
5 days after transfer (2.15土 0.28 fold induction, P <0.05 as compared to the seawater 
group). 
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Figure 3.3 sbPRLRl (A) and sbPRLR2 (B) gene expression in the gill of black 
seabream 6 h, 48 h and 120 h after transfer to hypersaline water of 55 ppt 
sea salt. Total mRNAs were extracted and reversed transcribed. The 
expression of the two genes was detected by real-time PGR, and the 
relative levels determined using P-actin normalization control. The levels 
were expressed as fold induction relative to the controls (seawater, 35 
ppt sea salt) of corresponding time points. N=6 per treatment; * P<0.05 
vs seawater; ** 尸<0.01 vs seawater; *** P <0.001 vs seawater. 
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Figure 3.4 sbNKA a- (A) and sbNKA p- subunit (B) gene expression in the gill of 
black seabream 6 h, 48 h and 120 h after transfer to hypersaline water of 
55 ppt seas alt. Total mRNAs were extracted and reverse transcribed. The 
expression of the two genes was detected by real-time PGR, and the 
relative levels determined using p-actin normalization control. The levels 
were expressed as fold induction relative to the controls (seawater, 35 ppt 
sea salt) of corresponding time points. N=6 per treatment; * P<0.05 vs 
seawater; ** P<0.01 vs seawater; *** P <0.001 vs seawater. 
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3.2.2.2 Kidney 
Throughout the time course of hypersaline water adaptation, the sbPRLRl levels 
did not differ significantly from the levels of seawater controls (Figure 3.5A), except 
the statistically significant induction 6 h after transfer (2.58±0.34, P <0.001). In 
contrast to sbPRLRl, exposure of the fish to hypersaline water for 6 h yielded a 
greater induction of sbPRLRl (3.91±0.29, P <0.001; Figure 3.5B). Similar to the 
situation observed in the gill, the transcript level of sbPRLR2 started to decline after 2 
days to a level not significantly different from the 5 days control (Figure 3.5B). 
The level of sbNKA a- and shNKA p-subunit mRNAs were not significantly 
affected by seawater-to-hypersaline water transfer, at any of the time points analyzed 
(Figure 3.6A and B). 
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Figure 3.5 sbPRLRl (A) and sbPRLR2 (B) gene expression in the kidney of black 
seabream 6 h, 48 h and 120 h after transfer to hypersaline water of 55 ppt 
sea salt. Total mRNAs were extracted and reverse transcribed. The 
expression of the two genes was detected by real-time PCR, and the 
relative levels determined using P-actin normalization control. The levels 
were expressed as fold induction relative to the controls (seawater, 35 ppt 
sea salt) of corresponding time points. N=6 per treatment; *** P <0.001 vs 
seawater. 
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Figure 3.6 sbNKA a- (A) and shNKA^- subunit (B) gene expression in the kidney of 
black seabream 6 h, 48 h and 120 h after transfer to hypersaline water of 
55 ppt sea salt. Total mRNAs were extracted and reverse transcribed. The 
expression of the two genes was detected by real-time PCR, and the 
relative levels determined using p-actin normalization control. The levels 
were expressed as fold induction relative to the controls (seawater, 35 ppt 
sea salt) of corresponding time points. N=6 per treatment. 
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3.3 Discussion 
3.3.1 sbPRLR gene expression after seawater-to-hypersaline water transfer 
PRL initiates its actions through binding to its receptor, PRLR, which has been 
cloned in several mammalian and amphibian species. In teleosts, cDNAs of PRLR 
have also been cloned in Mozambique tilapia (Sandra et al., 1995), goldfish (Tse et al., 
2000)，rainbow trout (LeRouzic et al., 2001)，Japanese flounder (Higashimoto et al., 
2001) and gilthead seabream (Santos et al, 2001). These PRLRs were highly 
expressed in osmoregulatory organs which is in good agreement with the functions of 
PRL in these organs of freshwater and euryhaline teleosts. In 2007, Huang et al 
reported that there are in fact two types of PRLR encoded by two different genes 
present in black seabream. In other words, those studies listed above were about the 
cloning of either one type of the PRLRs. Therefore, it is of great interest to investigate 
the two PRLRs in teleosts to justify the co-existence of two PRLRs. The study of two 
PRLRs in teleosts would also help to explain the biased results published, despite the 
possibility of interspecies differences. 
In the present study, expression levels of both sbPRLRs generally increased in 
the gill and kidney during the exposure. The results correlate with the studies in 
marine teleosts like gilthead seabream and Japanese flounder, showing that PRLR 
gene(s) are expressed in higher levels in osmoregulatory tissues. A number of studies 
have been carried out to investigate the changes in PRL binding and PRLR mRNA 
level during salinity alterations in different teleosts. Sandra et al. (2000) demonstrated 
that PRL binding increased in the gill, kidney and intestine when Nile tilapia were 
transferred from freshwater to brackish water (20 ppt). However the level of PRLR 
mRNA did not have an overall change during long-term adaptation. Pierce et al. (2007) 
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also demonstrated that there was no significant correlation between plasma PRL and 
gill PRLR expression. Although in teleosts, a change in the plasma PRL level in 
hypertonic conditions (e.g. Ayson et al. 1993; Auperin et al., 1995; Morgan et al” 
1997) and PRL mRNA in hypotonic conditions were observed (e.g. Lee et al” 2006; 
Martin et al., 1999), together with other previous results (Auperin et al., 1995; Yada et 
cd., 1994)，they suggested that PRL is not the major factor regulating PRLR gene 
expression during salinity changes. Dauder et al. (1990) pointed out the importance of 
potential factors, other than PRL, on the regulation of teleost PRLR. 
Cortisol, apart from GH, is another widely accepted seawater-adapting hormone. 
One of the ways for Cortisol to exert its effects is through transcriptional regulation by 
binding with glucocorticoid receptor (GR). The complex then binds to glucocorticoid 
response element (GRE) in the promoter region of target genes. Assem and Hanke 
(1981) considered Cortisol a good modulator of PRLR. Heat shock proteins and 
transcriptional factors might modify the affinity of GR to its ligands and thus the 
expression of the target genes (Bamberger et al., 1996). Heat shock protein 70 may be 
one of the candidates since it was found to be induced by hypertonicity (Heo et al., 
2006). In mammalian promoters, osmotic response element (ORE) is found to be 
responsible for the transcriptional regulation of several genes that cope with osmotic 
stress. The well-characterized genes include aldose reductase (Aida et al., 1998; Ko et 
cd., 1997; Nadkarn et aL, 1999), Na+- and Cl'-coupled betaine transporter (Takanaka 
et al., 1994), renal urea transporter (Nakayama et al., 2000), NaVH^ exchanger 2 (Bai 
et cd.’ 1999) and taurine transporter (Ito et al., 2004). In the present study, putative 
GREs and OREs were identified in both sbPRLR gene promoters and they would be 
discussed in later chapters. Therefore, there is a need to characterize the gene 
promoters of the two receptors. 
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Apart from Cortisol, GH was found to induce PRLR expression by increasing 
gene promoter activity in mammalian species (Friedrichsen et al” 2001; Galsgaard et 
al., 1999). Perhaps the observed upregulation of both sbPRLR genes was partly due to 
increased secretion of GH after hypersaline water exposure. A novel transcription 
factor, OSTFl，was found to be expressed in the gill of Mozambique tilapia under 
hypersalinity (Fiol and Kultz, 2005; Fiol et al.’ 2006). Whether it is an alternative 
explanation for PRLR gene regulation under osmotic stress would also be discussed in 
Chapter V. 
Higher transcript and protein levels of PRLR in seawater-adapted fish were also 
reported (Auperin et al., 1995; Kiilerich et a!., 2007a; Weng et al., 1997). These 
findings correlated well with our observed elevation of PRLR expression during 
hypersaline water adaptation. Kiilerich et al. (2007a) postulated the increase in PRLR 
mRNA level would lead into an increased de novo synthesis of PRLR. Auperin et al. 
(1995) suggested that the high level of PRLR at higher salinities could be a mean for 
achieving the hydromineral balance quickly when the fish faced a sudden drop of 
salinity. This is especially important for the euryhaline teleost species. Such a 
"ready-reserve" for the receptors allows these intertidal species to cope with the 
abrupt changes of salinity in a rapid manner on a daily basis. The achievement of high 
levels of PRLR is thought to be rapid because in the present study expression levels of 
both sbPRLR genes in the gill and kidney were highest 6 h after exposure. 
The acute response to the osmotic stress was greatest in gill sbPRLR2. The 
subsequent large decrease observed in gene expression level could be ascribed to a 
shorter turnover of transcripts during acute stimulation or during the exposure to a 
stressful hyperosmotic environment, as proposed by Kiilerich et al. (2007a) and 
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Mancera and McCormick (2000). This may be true in our case, at least in the gill, but 
further investigations are required. Kelly et al. (1999) also strongly suggested that 
PRL is a stress hormone. Together with our in vitro results (Chapter V), PRL may 
function via the interaction with PRLR2. 
Despite a decrease in gill sbPRLRl expression level observed in 2 days, the 
magnitude of reduction was small as compared to the reduction of sbPRLR2 
expression level. A similar trend was observed in the kidney. A limited decrease of 
sbPRLRl expression level occurred in the kidney of hypersaline water-adapted fish 
throughout the 5-day transfer. Five days after transfer, sbPRLRl and sbPRLR2 
expression in the gill as well as sbPRLRl expression in the kidney maintained a 
similar level (about 2-fold increase). Perhaps the need for simultaneous expression of 
both PRLRs decreases in chronic adaptation. The dynamic changes of the both PRLRs 
in response to salinity changes were recorded in this report. It would provide a better 
picture of PRL and/or PRLR functions in response to the hyperosmotic challenges, 
and particularly of more functions of PRL in addition to its role in freshwater 
adaptation. 
It is very interesting that the two forms of PRLR may serve similar functions in 
normal conditions but markedly different roles, in which sbPRLR2 expressed more 
responsive under stress. It is easy to imagine that hyperosmotic regulations are 
predominant in marine teleosts owing to their natural habitats. Lee et al. (2006) 
hypothesized that hyperosmoregulation is also essential to the prevention of an 
overshooting decrease in blood osmolality for a marine teleost. Most probably, the 
adaptation is achieved partially through sbPRLR2 for rapid and precise adjustments of 
internal conditions. Therefore it is suggested that the roles of sbPRLR2 would be 
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dominant under stressful environments such as hypersalinity to help to maintain 
homeostasis in the euryhaline fish most quickly. It is reasonable that sbPRLRl and 
sbPRLRl are restricted to particular status or a specific target tissue in black seabream 
as in mammals (Hu et al” 1998; Jabbour et al,, 1998). In addition, it is predicted that 
all teleost species may have both PRL/PRLRl and PRL/PRLR2 systems to 
acclimatize themselves to a sudden osmotic shock. 
3.3.2 sbNKA a- and sbNKA /3-subunit expression after seawater-to-hypersaline water 
transfer 
Regarding NKA-mediated acclimatization to salinity changes, Mancrea and 
McCormick (2000) stated that the acclimatization of euryhaline fish seemed to occur 
in two phases: a first phase which occurred on the first day, and a second phase 
several days post-transfer. For the parameters measured, although data were not 
available as to exactly when the changes occurred, it is likely occurred within one 
week. A species of seabream which shows high homology to black seabream, the 
silver seabream was shown by Woo's group (Deane and Woo, 2004; Kelly and Woo, 
1999) to have different branchial osmoregulatory responses within a few days after 
salinity transfer. In fact, an increase of gill NKA activity within 2-3 days after transfer 
has been observed in numerous euryhaline species such as killifish (Jacob and Taylor, 
1983; Mancera and McCormick, 2000), Mozambique tilapia (Hwang et al, 1989), 
rainbow trout (Madsen and Naamansen, 1989), brown trout (Madsen et al.’ 1995), 
American eel (Forrest et al, 1973), European eel (Bornancin and De Renzis, 1972) 
and fat sleeper (Evans et al., 1975). 
Our in vivo results demonstrated that there was an increase in the mRNA levels 
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of the gill NKAa- and P-subunits in the euryhaline teleost black seabream. The 
molecular mechanisms involved in the production of a functional NKA during salinity 
adaptation of euryhaline teleosts include (1) regulation of transcription and translation 
of the subunit genes, (2) enzyme phosphorylation, and (3) membrane insertion of 
subunit assemblies (Deane and Woo, 2004). Moreover, the differental regulation of 
the subunit genes in different osmoregulatory organs during salinity changes is 
expected because of the different roles of NKA in these organs. 
With the use of real-time PCR for assessing the transcript levels of subunit genes, 
it was found that the expression of gill NKA a-subunit increased 6 h after transfer, 
though it was not statistically significant. Subsequently, however, the level was 
maintained and demonstrated significant induction. The upregulation of the gill NKA 
a-subunit transcript in an acute manner (2 day after transfer) was in good agreement 
with the observed enhancement of enzyme activity after exposure for 5 days (Wong et 
a/” 2006), 3 days to 7 days exposure (Mancera and McCormick, 2000), 1 day to 10 
days exposure (Jensen et al., 1998), 2 weeks exposure (Lin et al., 2004) and 1 month 
exposure (Deane and Woo, 2004). However, NKA P-subunit 丨eve丨 did not vary from 6 
h to 5 days after transfer. The induction was maintained at about a 2-fold increase, 
which correlated well with in vitro results (Chapter IV). Our findings were also 
similar to Deane and Woo (2004) who reported that gill NKA p-subunit transcript 
level did not show significant difference between groups of 33 ppt and 50 ppt salinity 
after 1 -month exposure. Given the different expression levels of the two subunits, also 
the fact that translational products were shown to follow the profile of subunit 
transcription levels (Deane and Woo, 2004; Lin et al., 2004; McCormick et al., 2003), 
it would appear that the NKA P-subunit is a rate-limiting factor for the formation of 
functional NKA proteins in the gill. Jensen et al. (1998) suggested that modulation of 
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P-subunit expression would also be one of the factors limiting enzyme recruitment. 
These findings also suggest that there are additional mechanisms by which the 
P-subunit may be regulated or multiple p-subunit isoforms are differentially expressed. 
The presence of multiple p-subunit isoforms has been identified at least in salmonids 
(Gharbi et al., 2005). A high level of NKA activity and final protein abundance are 
important for the fish to efficiently secret excess salts from the body for 
acclimatization well in seawater (or other extreme salinities). The markedly higher 
expression of gill NKA a-subunit adapted to hypersaline water may reflect the 
response of gill NKA a-subunit required for survival under extremely steep ionic 
gradients. Although it is difficult to account for the correlation between an increase of 
NKA mRNA level and an increase of NKA activity here, expression changes of gill 
NKA a-subunit is found to be critical as a part of the molecular mechanisms 
responsible in black seabream during adaptation, for hydromineral balance, which 
occurred quickly (within 6 h, the first phase of acclimatization process). 
In the kidney, gene expression of both subunits remained unchanged under 
hypertonicity, and the results of NKA a-subunit were similar to the findings of Deane 
and Woo (2004), and Lin et al. (2004). But the latter reported that there was an 
increase in p-subunit level instead. Kidney NKA activity has also been evaluated 
during seawater and hypersaline adaptation in silver seabream. The lack of agreement 
could be accounted by the presence of different isoforms of NKA subunits. Because 
of the use of a single pair of gene-specific primers, other isoforms of NKA a-subunit 
or p-subunit that might have been affected by the osmolality change would not be 
detected. Reciporcal expression of NKA isoforms was possible and found to represent 
a mechanism through which salmonids can modulate NKA (Nilsen et al., 2007). 
Another possibility is that acclimatization to the transfer from freshwater to seawater 
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(and hypersaline water) involves modifications in catalytic rates rather than the 
abundance of NKA molecules, as suggested by Nilsen et al. in 2007 and Towle et al 
in 1977. One more possibility that could not be excluded is that the production of 
concentrated urine in the kidney is far less important than the ion secretion in the gill 
in black seabream when exposed to the environments of increasing salinities. 
The time-course expression patterns of NKA a-subunit in the gill and kidney of 
black seabream resemble a "U" shape in a previous study (Fung et al., unpublished 
data). It was demonstrated a "U" shape 2 days after transfer when comparing the 
hypersaline and brackish water group with the seawater control. The "U-shaped" 
response of the gill NKA to salinity changes was found in past few years. NKA 
activity, for example in European sea bass (Jensen et al” 1998) and silver seabream 
(Deane and Woo, 2004), was kept in a minimal level in isoosmotic state. Although it 
is difficult to find an isoosmotic external environment for the fish in nature, it is 
believed that is beneficial for fish growth. While maintaining a low level of NKA 
activity, the euryhaline teleosts can minimize the energy cost of osmoregulation. At 
the same time, there is a large potential in changing NKA amount and/or activity to 
acclimatize salinity extremities, as suggested by Jensen et al. (1998) and Langdon 
(1987). This "U-shaped" response to salinity was found to be a common phenomenon 
in either marine or freshwater euryhaline species, which throughout their life cycle are 
affected by extreme variations in ambient salinity of their habitats. 
On the other hand, the lack of overall hypertonicity-induced change in p-subunit 
expression from the high physiological level may be regarded as a part of the 
preparatory mechanism that copes with sudden salinity shift throughout their life. 
Such a high level of preparedness of the target genes for osmoregulation has been 
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demonstrated in striped bass (Madsen et al., 1994, 2007). Although there is an 
"expensive" energy cost in maintaining hyper- or hypo-osmoregulatory mechanisms 
for moving freely from freshwater to seawater, especially for euryhaline species, the 
energy cost is expected to minimize the adverse effects of osmotic stress. Such a 
‘‘coping strategy" may be an advantage in preventing euryhaline teleosts from 
impaired growth and reproduction. 
In mammals, expression of the NKA subunit genes was demonstrated to be 
regulated by corticosteroids (Derfoul et al., 2000; Kolla and Litwack, 2000). Recently, 
the interaction between NKA activity and the stress response affecting steelhead trout 
immune system was proposed to be through the regulation of corticosteroid receptor 
gene expressions (Yada et al., 2008). In a recent report, the renin-angiotensin system 
(RAS) has been shown to be related to the maintenance of osmoregulatory functions 
in silver seabream since it was particularly activated in hyperosmotic environment 
allowing the system to control the secretion of Cortisol and volume of the fish (Wong 
et al., 2006). Angiotensin has also been shown to rapidly increase the gill NKA 
activity in seawater adapted eel (Marsigliante et al., 1979). 
In teleosts, it is widely accepted that Cortisol promotes seawater-adaptation by 
regulating the size and the number of gill chloride cells, NKA activity, NKA a-subunit 
expression, ion uptake and hence salinity tolerance (Assem and Hanke, 1981; 
McCormick, 1990, 1995, 1996; Yada and Ito, 1999). The hormone can also increase 
sodium and water absorption in esophagus and guts by regulating sodium ion 
transport (Hirano et al； 1975). Such energy consumption can be compensated for by 
cortisol-induced elevation in glucose level (Hegab and Hanke, 1984). As Cortisol was 
shown to increase during seawater transfer (Assem and Hanke, 1982; Hegab and 
- 7 5 -
Chapter IV Result: In vitro gene expression studies 
Hanke, 1984; Mancera, 2002), it is very important in seawater adaptation. 
Furthermore, enhancement in the gill NKA activity by Cortisol was shown to be 
dependent on the upregulation of corticosteroid receptor in juvenile rainbow trout 
(Shrimpton and McCormick, 1999) and glucocorticoid receptor (GR) in Mozambique 
tilapia (Dean et al, 2003). Similar studies in intestine were also reported in sockeye 
salmon (Veillette and Young, 2005). It is not surprising, as also proposed by Mancera 
et al. (2002) that the ion uptakes stimulating Cortisol activity may involve 
osmoregulatory organs. 
3.3.3 Overall summary 
These observations in the gill and kidney suggest that black seabream is capable 
of osmoregulation in response to different salinity environments. Besides, the 
opposite patterns of NKA subunits expression in black seabream gill and kidney could 
be further attributed to the different roles of these two osmoregulatory organs during 
adaptation to osmotic variations. As NKA is also an effector of PRL in teleosts, it is 
postulated that NKA and PRLR may interact with each other through PRL. This 
relationship explores our knowledge to PRLR in mediating environmental changes of 
ion concentrations on cellular changes. In additions, the observation on the differential 
expression profiles of the two PRLRs can help us to explain the phenomenon that 
NKA work differently in target organs. 
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Chapter IV Result: In vitro gene 
expression studies 
4.1 Aim of the chapter 
This chapter aims to investigate the regulation of expression of sbPRLRl, 
sbPRLRl, sbNKA a- and sbNKA /]- subunits under different osmolalities in vitro. The 
results can help to confirm our in vivo results in Chapter III. 
4.2 Results 
4.2.1 Gill organ culture 
After 6 h incubation of increasing concentrations of NaCl in the culture medium, 
RNA was extracted from the treated gill filaments. The relative expression levels of 
sbPRLRl and sbPRLR2 were determined by real-time PGR. NaCl added into the 
culture medium can produce extracellular osmolalities that mimic the physiological 
situations during hyperosmotic challenges (Table 4.1). As shown in Figure 4.1 (A and 
B), both sbPRLRl and sbPRLR2 were induced to express more with increasing 
osmolalities in a dose-dependent manner, although the level of sbPRLRl expression 
tailed off at higher concentrations. The highest expression of gill sbNKA a-subunit 
was found in the most concentrated extracellular osmolality whereas the expression of 
sbNKA p-subunit remained relatively unchanged (Figure 4.2A and B). 
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Table 4.1 Final osmolality of LI 5 medium after adding different NaCl concentrations 
(mM). 
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Figure 4.1 sbPRLRl (A) and shPRLR2 (B) gene expression in the gill filaments 
incubated of black seabream with increasing concentrations of NaCI in 
L I 5 medium for 6 h. Total m R N A s were extracted and reverse transcribed. 
The expression of the two genes was detected by real-time PCR, and the 
relative levels determined using p-actin normalization control. The levels 
were expressed as fold induction relative to the control (without NaCI) . 
N = 6 wells per t reatment; * P<0 .05 vs control; *** P <0.001 vs control. 
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Figure 4.2 sbNKA a- (A) and sbNKA /]- subunit (B) gene expression in the gill 
filaments of black seabream incubated with increasing concentrations of 
NaCI in LI5 medium for 6 h. Total mRNAs were extracted and reverse 
transcribed. The expression of the two genes was detected by real-time 
PCR, and the relative levels determined using p-actin normalization 
control. The levels were expressed as fold induction relative to the control 
(without NaCI). N=6 wells per treatment; * P<0.05 vs control; ** P<0.01 
vs control; *** P <0.001 vs control. 
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4.2.2 Kidney explants 
After removing the kidneys from the fish, the tissues were cut into small pieces 
so as to increase the surface areas with extracellular osmolality. Although both 
sbPRLRl and shPRLRl genes could be induced to express at a high level up to 6-fold, 
the levels of expression were higher in sbPRLRl gene at all concentrations when 
compared with the expression level of sbPRLR2 gene (Figure 4.3 A and B). This 
correlates with the tissue distribution patterns previously described (Huang et al., 
2007). Although the expression level of the two genes dropped at 150 mM NaCl 
concentration, the level maintained at around 4- to 5-fold induction. Transcriptional 
studies of sbNKA a- subunit and P- subunit were also performed in the kidney 
explants treated with different concentrations of NaCl. In the kidney, the expression 
levels of both subunits were increased at higher concentration of NaCl. But the 
expression level of both sbNKA subunit genes dropped at 150 mM NaCl (Figure 4.4A 
and B). 
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Figure 4.3 sbPRLRl (A) and shPRLRl (B) gene expression in the kidney explants 
incubated of black seabream with increasing concentrations of NaCl in 
LI5 medium for 6 h. Total mRNAs were extracted and reverse transcribed. 
The expression of the two genes was detected by real-time PCR, and the 
relative levels determined using p-actin normalization control. The levels 
were expressed as fold induction relative to the control (without NaCl). 
N=6 wells per treatment; ** 尸 <0.01 vs control; <0.001 vs control. 
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Figure 4.4 sbNKA a- (A) and sbNKA P- subunit (B) gene expression in the kidney 
explants of black seabream incubated with increasing concentrations of 
NaCl in LI5 medium for 6 h. Total mRNAs were extracted and reverse 
transcribed. The expression of the two genes was detected by real-time 
PCR, and the relative levels determined using P-actin normalization 
control. The levels were expressed as fold induction relative to the control 
(without NaCl). N=6 wells per treatment; * P<0.05 vs control; ** PO.Ol 
vs control; *** F <0.001 vs control. 
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4.3 Discussion 
This work confirms the in vivo results of Chapter III and extends previous 
preliminary results (Fung et al, unpublished data). It shows that the expression of 
PRLR] and PRLR2 in black seabream increases during hyperosmotic stress, in the gill 
and kidney, the two major osmoregulatory organs. 
In fact there are two approaches for studying osmoregulation in vitro by using 
the two osmoregulatory organs as models. They are primary cell culture and organ 
culture. In the gill, Weng et al. (1997) reported that PRLR was specifically located in 
mitochondria-rich cells in the epithelial cells, but absent in pavement and mucus cells 
in Mozambique tilapia. Preparation of primary epithelial cells requires isolating 
different types of gill cells. To provide a more intact gill structure and cellular 
components which resemble in vivo, organ culture appears to be better than primary 
cell culture. 
The gill filaments and kidney explants were incubated with different 
concentrations of NaCl in the culture medium for 6 h. Expression of the two PRLRs 
was then studied by real-time PGR. To our knowledge, study of PRLR gene 
expression has never been conducted in primary organ culture. Instead, NKA a- and 
P- subunits were extensively studied (Shrimpton and McCormick, 1999; Mancera and 
McCormick, 2000, Deane and Woo, 2004, 2005). 
The significance of the role played by the gill NKA in ion transport has been 
confirmed by using different species. As suggested by Madsen et al. (1995), the 
stimulus for the increase in NKA subunits mRNA levels, at least in a-subunit, is likely 
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to be linked directly or indirectly to the extracellular osmolality. Our in vitro results 
showed that the expression level of the gill sbNKA a-subunit but not sbNKA P-subunit 
was dependent on various ion concentrations. In vivo results (Chapter III) also showed 
an induction of the gill sbNKA a-subunit mRNA expression. Zadunaisky et al. (1995) 
has used isolated epithelium to examine the chloride transport in killifish during rapid 
changes of external osmolalities. They showed an increase in chloride secretion 5-10 
min after increasing medium osmolality with mannitol. Mancera's group (2000) stated 
that it is possible for NKCC to control the stimulation of NKA activity after 
increasing NaCl concentration. Thus the rapid signal for triggering the adaptive 
response to higher osmolality was an increase in plasma tonicity. Together with the in 
vivo results, the change in the expression of gill NKA a-subunit is likely to have a 
physiological significance and the change is due to the stimulus from the external 
environment. 
The fish kidney is also critical in maintaining homeostasis. Thus the molecular 
regulation of kidney NKA was also studied. Although in vitro activity assays have 
demonstrated that the gill NKA of euryhaline teleosts is sensitive to ionic strength, 
parallel studies on the transcriptional alterations and/or same experiments carried in 
the kidney are seldomly performed. Similarly the expression of sbNKA a-subunit but 
not sbNKA p—subunit in the kidney was dependent on various external osmolality. 
However the observations in vitro did not correlate with expression level in vivo. It 
suggests that internal factors, rather than external factors control the regulation of the 
kidney NKA subunit expression. 
This is the first time demonstrating a comparative study of PRLR gene 
expressions in primary organ cultures after the report on two sbPRLR genes identified 
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in a single teleost species in 2007. 
We could observe an induction of both sbPRLR gene expressions in the two 
organs, correlating with the in vivo results. Accompanied by an increase of plasma 
osmolality (Fung et al,, unpublished data), we found that expression level of both 
genes increased after 6 h exposure to hypersaline water. Similarly, we prepared the in 
vivo experimental osmolality by adding suitable amounts of NaCl in culture medium 
in vitro. Thus the increase of sbPRLR gene expression was due to the extracellular 
hyperosmotic challenges. Moreover our in vitro results indicated that an increase in 
osmolality could already induce rapid activations of sbPRLRl and shPRLR2 in the gill 
and kidney. This finding suggests that the activation of the two receptor genes may be 
independent of the endocrine system. 
When the expression levels of two sbPRLR genes were compared, the expression 
levels of sbPRLR2 in the gill filament and sbPRLRl in the kidney explants induced by 
hypertonicity were generally higher than their compartments in the same organ. These 
findings correlate with the relative expression pattern previously described (Huang et 
al, 2007). Interestingly the mRNA level slightly dropped at 150 mM NaCl 
concentration in the kidney explants but not in the gill filaments. Gill sbPRLR2 
expressed at a higher level than sbPRLRl at 100 mM NaCl. The difference in 
expression levels of the two receptors is perhaps due their organ-specific function. 
What's more, Takahashi et al. (2007) suggested that the regulation and 
osmoregulatory roles of PRLR might be different between two different organs. Such 
differences are owing to their differential abilities to adapt to a wide range of salinities. 
From the results, we suggest that it is more important for PRLR2 gene to respond with 
extreme salinities in order to maintain hydromineral balance. This requires further 
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investigations. 
In summary, although it is widely accepted that the major function of PRL in 
teleosts is freshwater adaptation, gene expression study under hypertonicity in vivo 
and in vitro would expand our knowledge of the functional diversity of PRL and 
PRLR. 
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Chapter V Result: Studies on the 
gene promoter of sbPRLRs under 
osmotic change 
5.1 Aim of the chapter 
This chapter aims to characterize the sbPRLRl and sbPRLRl gene promoters and 
study the transcription factor binding of specific c/^-acting elements on the gene 
promoters following hypertonic exposure. The results would be useful for a better 
understanding of sbPRLRl and sbPRLR2 gene regulation under osmotic change in 
black seabream. 
5.2 Results 
5.2.1 The 5'-UTR region of the two sbPRLR genes contain several osmotic response 
elements 
As shown in Figure 5.1 A and B, the computational analysis has already been 
performed previously (Huang et al.’ 2007) which revealed a number of putative 
transcription factor binding sites in the two sbPRLR gene promoters. Among them we 
later identified five ORE-like motifs in sbPRLRl gene promoter (Figure 5.1 A) and 
eight ORE-like motifs in sbPRLRl gene promoter (Figure 5.IB) which were 
summarized in Table 5.1. Some of them were identical to the canonical mammalian 
ORE consensus motif (Ferraris et al., 1999). 
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Figure 5.1 Schematic representation of the locations of important putative binding 
sites in (A) sbPRLRl and (B) sbPRLR2 gene promoters. ORE-like motifs 
are represented in boxes. 
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Sequences of ORE-like motifs Rough location (5’ to 
transcription start site) 
AGGAAATTCAAG -1571 to -1041 
sbPRLRl TGGAAATACTTT -1041 to -716 
gene TGGAAATTGAGG -716 to -337 
promoter AGGAAATTGCAC -337 to+1 
TGGAAAGTTTCT -337 to +1 
TGGAAATGTGAT -2113 to -1834 
TGGAAATTCCAT -1834 to-1517 
TGGAAACTACCA -1517 to -1149 
sbPRLRl 
TGGAAAAAATGC -1149 to -837 
gene 
GGGAAAAATAGG -837 to -529 
promoter 
GGGAAAAGAGTA -837 to -529 
TGGAAAGAAAGA -529 to +1 
AGGAAATTGTGA -529 to +1 
Table 5.1 Sequences and locations of ORE-like motifs in sbPRLRl and sbPRLR2 gene 
promoters. 
- 9 0 -
Chapter V Result: Studies on the gene promoter of sbPRLRs under osmotic change 
5.2.2 Promoter activities of the 5'-flanking regions of the two sbPRLR genes under 
osmotic stress 
The entire 2.3kb 5'-flanking region of sbPRLRl gene and 2.2kb 5'-flanking 
region of sbPRLR2 gene subcloned into pGL3-basic vector, were transfected into 
MDCK cells to assay the luciferase activity as a measure of promoter activity. A 
pR-CMV construct was also co-transfected into MDCK cells to correct for the 
transfection efficiency. Hypertonicity can be produced by using either permeable 
agents such as NaCI or impermeable agents such as sucrose. In addition, hypertonicity 
can also be produced using either perturbing organic osmolytes like urea or 
non-perturbing organic osmolytes like glycine. In the present study, to confirm that 
the experimental results did not depend on the permeability and the perturbing ability 
to the cells of the reagents, we have tested four kinds of hypertonic conditions using 
NaCI, sucrose, urea and glycine. The concentrations of the reagents used were those 
reported in the literature on related ORE-identifying publications. 
The 2.3kb construct of sbPRLRl gene promoter transfected into MDCK cells 
gave a basal promoter activity in isotonic medium, which was increased after 
exposure to 100 mM NaCI for 24 h, resulting in 2.22-fold increase (Figure 5.2A). 
Similar result was observed in the 2.2kb construct of sbPRLR2 gene promoter which 
was induced to 1.27-fold under NaCI challenge (Figure 5.2B). In isotonic medium, a 
2.56-fold increase in promoter activity was detected in sbPRLRl gene promoter, after 
exposure to 120 mM sucrose for 24 h (Figure 5.2C). However the activity of 
sbPRLR2 gene promoter did not result in significant fold induction (0.88±0.12; Figure 
5.2D). 
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Figure 5.2 Luciferase reporter analysis of the sbPRLRl and sbPRLRl gene promoter 
activities in response to hypertonicity. MDCK cells were transiently 
co-transfected with 0.5 ug of empty pGL3-basic vector or wild-type 
promoter construct (A and C, sbPRLRl \ B and D, sbPRLR2) and 0.05 ug 
pR-CMV as internal control. After transfection, the cells were exposed to 
either isotonic or hypertonic (A-B, NaCl; C-D, sucrose) for 24 h and 
assayed for firefly and renilia luciferase activities. The relative luciferase 
activity was normalized with empty pGL3-basic vector. Each black bar 
represents the mean士SEM, ** P<0.01; *** P<0.001 when compared with 
corresponding controls. The result in each panel is the representative of 
three independent experiments performed in triplicates. 
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With respect to the effects of organic osmolytes, urea and glycine were tested. 
Figure 5.3A and B showed the changes in the activities of the two gene promoters 
under 120 mM urea challenge. Both promoter activities decreased in response to urea, 
representing an approximately 60% and 30% decrease for sbPRLRl gene promoter 
and sbPRLR2 gene promoter respectively. Glycine is one of the amino acids which is 
proved to protect renal medullary cells during hypertonic stress (Bagnasco et al., 
1986). They are small organic osmolytes that do not perturb the function of 
macromolecules. Similar results were observed in the exposure of 250 mM glycine. 
Both activities of the two promoters were reduced, representing approximately 60% 
for sbPRLRl gene promoter and 85% decrease for sbPRLR2 gene promoter (Figure 
5.3C and D). 
- 9 3 -
Chapter V Result: Studies on the gene promoter of sbPRLRs under osmotic change 
A 12-1 B 12n 
1.1- ~ I ~ 1.1- ~ I ~ 
1 1.0. I I 1.0 ~ I _ _ 
I �.9« ,§一 0.9-
t O 0.8- < i 0.8-
丁 
o.oJ—J 1 0.0-1—i , • • ^ • • J 
-urea +urea -urea +urea 
C 13-, — D 1-3n — 
1.2- 1.2- ” 
1.1- 1.1-
~ 1.0- ~ 1.0 
<0 0.9- ^ c 0.9-
i r -
S 召 0.7- fe % 0.7-
芸.E 0.6- .E 0.6-
=10.5- - T - 0.5- - T -
% 旦 0.4- % 圣 0.4. 
^^M 一 一 
: 一 _ : 一 mmJ 
j -glycine .glycine . -glycine .glycine . 
I I 
SbPRLRl sbPRLR2 
Figure 5.3 Luciferase reporter analysis of the sbPRLRl and sbPRLR2 gene promoter 
activities in response to hypertonicity. MDCK cells were transiently 
co-transfected with 0.5 ug of empty pGL3-basic vector or wild-type 
promoter construct (A and C, sbPRLR]; B and D, sbPRLR2) and 0.05 ug 
pR-CMV as internal control. After transfection, the cells were exposed to 
either isotonic or hypertonic (A-B, urea; C-D, glycine) for 24 h and 
assayed for firefly and renilia luciferase activities. The relative luciferase 
activity was normalized with empty pGL3-basic vector. Each black bar 
represents the meardiSEM, * P<0.05 when compared with corresponding 
controls. The result in each panel is the representative of three independent 
experiments performed in triplicates. 
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After testing the four hypertonic conditions, NaCl was chosen for further studies 
as it is the most commonly used reagent for osmolality challenge studies. Under the 
exposure to NaCl, the promoter activity change showed the same direction as to gene 
expression. Therefore we then tested if the used NaCl concentration was the most 
suitable for subsequent deletion and site-directed mutagenesis analyses. The 2.3kb 
and 2.2kb constructs were transfected into MDCK cells. Fourty-eight h after 
transfection in isotonic medium, cells were shifted to hypertonic media of different 
osmolalities. Figure 5.4 showed the relative promoter activities of sbPRLRl gene 
(panel A) and sbPRLRl gene (panel B) in different concentrations of NaCl. Addition 
of NaCl to the medium resulted in an increase of sbPRLRl gene promoter activity, of 
which the maximum promoter activity was observed by the addition of 100 mM NaCl 
(500 mmosmH20/kg, 3.00-fold increase). Further increasing NaCl concentration 
reduced the fold-induction (1.26-fold increase at 150 mM NaCl; 1.99-fold increase at 
200 mM NaCl). At 10 mM and 50 mM NaCl exposure, the fold induction was slightly 
smaller than at 100 mM NaCl (1.70-fold and 2.51-fold increase respectively). 
Maximum promoter activity of shPRLRl gene was also observed at the 
additional 100 mM NaCl in MDCK cells (Figure 5.4B), although the fold induction 
was smaller than in the sbPRLRl gene promoter (2.62-fold in sbPRLR2 vs 3.00-fold 
in sbPRLRl). The fold induction was statistically insignificant before 100 mM NaCl 
was added in the culture medium. Interestingly, the promoter activity of sbPRLR2 
gene was inhibited under 200 mM NaCl challenge (approximately 70% decrease as 
compared to isotonic medium). From the results, 100 mM NaCl was the most suitable 
concentration and could be used for subsequent 5'-deletion and site-directed 
mutagenesis analyses of the promoters later. 
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Figure 5.4 Luciferase reporter analysis of the sbPRLRl and sbPRLR2 gene promoter 
activities in response to different osmolarlity. MDCK cells were transiently 
co-transfected with 0.5 ug of empty pGL3-basic vector or wild type 
promoter construct (A, sbPRLRl\ B, sbPRLR2) and 0.05 ug pR-CMV as 
internal control. After transfection, the cells were exposed to either 
isotonic or hypertonic (different concentrations of NaCl) for 24 h and 
assayed for firefly and renilia luciferase activities. The relative luciferase 
activity was normalized with empty pGL3-basic vector. Each black bar 
represents the mean土SEM,* P<0.05; ** P<0.01; *** P<0.001 when 
compared with corresponding controls. The result in each panel is the 
representative of three independent experiments performed in triplicates 
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5.2.3 Identification of a DNA region required for the responses to NaCl 
There are a number of ORE-like motifs predicted on the gene promoters of 
sbPRLRl and sbPRLR2 according to the consensus ORE sequence. Some of the 
ORE-like motifs share low homology to the consensus. Therefore, to map the 
NaCl-responsive region, a series of 5'-deletion reporter plasmids for both sbPRLRl 
and sbPRLR2 gene promoters was constructed by PCR. Figure 5.5 A and B illustrated 
the deletion constructs of various lengths of the two gene promoters. For sbPRLRl 
gene promoter, when MDCK cells were transfected with the reporter plasmids 
containing more than -1041 bp of the 5'-flanking sequences, the resulting luciferase 
activities were almost comparable to the wild-type A-2361-Luc construct (Figure 
5.6A). Further deletion up to -716 bp abolished the response to hypertonicity. There 
was one putative ORE present between this region. Interestingly, mutagenesis at this 
ORE site eliminated the induction of the promoter activity by hypertonicity (Figure 
5.7). These results suggested that the ORE sequence existing from -1041 bp to -716 
bp of sbPRLRl gene promoter region was essential for the osmoregulation of 
sbPRLRl gene expression. 
For the sbPRLR2 gene promoter, the reporter plasmids, namely A-1834-Luc and 
A-1517-Luc retained an increase in promoter activity, although few ORE-like 
sequences were identified (Figure 5.6B). Deletion up to -1149 bp totally abolished the 
luciferase activity increase. Mutation of an ORE in that region completely eliminated 
the induction (Figure 5.8A). To further exclude the possibility of multiple OREs after 
-1149 bp 5' to the transcription start site work simultaneously under hypertonicity, a 
mutant construct was produced. It is the A-1517-Luc construct on which mutation of 
the putative ORE is made. Figure 5.8B demonstrated that the ORE-like sequences 
located more than -1517 bp of the 5'-flanking sequence did not interact with the one 
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between -1517 bp and -1149 bp. These observations indicate that the ORE motif 
between -1517 bp and -1149 bp is functional and is perhaps involved in regulation 
sbPRLR2 gene promoter activity in response to hypertonicity. 
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Figure 5.5 5'-deletion constructs of various lengths of the sbPRLRl and sbPRLRl 
gene promoters. After in silico analysis, primers were designed according 
to the sequences of the wild-type (A) sbPRLR] and (B) shPRLR2 gene 
promoters. PCR was performed. PCR products were resolved on a 1% 
agarose gel to check the desired amplicon sizes. They were then purified 
and subcloned into pGL3-basic vector. The positive clones were verified 
by sequencing. 
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Figure 5.6 Hyperosmotic induction of sbPRLR gene promoter-luciferase reporters in 
transiently transfected MDCK cells. Left: the schematic diagram 
represents the 5'-deletion constructs and the positions of ORE motifs. 
Following transfection, the cells were exposed to either isotonic (medium 
only) or hypertonic (100 mM NaCl) conditions for 24 h. Cells were 
harvested and the relative luciferase activities of (A) sbPRLRl and (B) 
sbPRLRl were determined by measuring firefly and renilia luciferase 
activities and normalized with empty pGL3-basic vector. Each black bar 
represents the mean 土 SEM, *** P<0.001 when compared with 
corresponding controls. The result in each panel is the representative of 
three independent experiments performed in triplicates. 
- 1 0 0 -
Chapter V Result: Studies on the gene promoter of sbPRLRs under osmotic change 
二：二 
L 身 ― ‘ ― � 6 丨 - L 丨 K • H ^ 
I ORE § TATA box | NK-kappa B # STATx • 
Empty vector •< • 
Mutated ORE 1 ] 
0 6 10 16 20 26 30 36 40 46 60 66 
Relative Luciferase Activity 
Figure 5.7 Importance of an ORE in the flanking region of sbPRLRl promoter, (left) 
The schematic presentation of different promoter-luciferase constructs 
including the one contained mutated ORE used in this study, (right) 
MDCK cells were transiently co-transfected with wild-type or one 
5'-deletion construct or a ORE-mutated sbPRLRl gene promoter construct 
as indicated in the schematic diagram on the left with pR-CMV. After 
transfection, the cells were treated with isotonic or hypertonic medium for 
24 h and assayed for firefly and renilia luciferase activities. The relative 
luciferase activity was normalized with empty pGL3-basic vector. Each 
black bar represents the mean士SEM, *** 尸<0.001 when compared with 
corresponding controls. The result is the representative of three 
independent experiments performed in triplicates. 
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Figure 5.8 Importance of an ORE in the flanking region of sbPRLR2 promoter and 
multiple OREs-coordination is not required in hypertonicity-induced 
sbPRLR2 promoter activity, (left) The schematic presentation of different 
promoter-luciferase constructs including the two contained mutated OREs 
used in this study, (right) MDCK cells were transiently co-transfected with 
wild-type or one 5'-deletion construct or individual ORE-mutated 
sbPRLRl gene promoter constructs (A, ORE-mutated wild-type, B, 
ORE-mutated promoter has the sequence after -1517 bp deleted) as 
indicated in the schematic diagram on the left with pR-CMV. After 
transfection, the cells were treated with isotonic or hypertonic medium for 
24 h and assayed for firefly and renilia luciferase activities. The relative 
luciferase activity was normalized with empty pGL3-basic vector. Each 
black bar represents the mean土SEM, *** P<0.001 when compared with 
corresponding controls. The result in each panel is the representative of 
three independent experiments performed in triplicates. 
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5.2.4 Interaction of the osmotic response region and transcription factors 
5.2.4.1 Identification of DNA-binding activity in nuclear extract 
To examine whether DNA-protein complex could be formed with the putative 
ORE sequences, nuclear extracts were prepared from gill and kidney tissue which had 
been exposed to 55 ppt seawater (hypersaline water) in vivo. The corresponding 
control was exposed to 35 ppt seawater. Two major complexes (so called complex I 
and II) were formed. A broad band (complex II) was formed (Figure 5.9A and B). 
Similar band intensity between control and hyersaline water treatment may be due to 
the quality of the nuclear extracts. Nevertheless, a 30-fold molar excess of unlabeled 
ORE or mutated ORE could effectively eliminate complex II, of which the 
elimination was more complete by mutated ORE probe. From the width of the band of 
complex II, the DNA-protein complex formed by ORE probe derived from sbPRLRl 
gene promoter was stronger in the kidney than in the gill as equal amount of protein 
was added in each lane. Similar results were observed in ORE probe from sbPRLR2 
gene promoter, though the elimination was not as strong as observed in the case of 
sbPRLRl gene promoter. These observations support the specific binding between 
ORE elements identified from site-directed mutagenesis in the 5'-flanking region of 
the two promoters. The ORE identified in each promoter is the functional one, and 
they should be the core responsive site for hypertonicity. 
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Figure 5.9 Effect of hypertonicity on the electrophoretic mobility of ORE and 
tissue-derived trans-diC\\ng factors. Nuclear extracts from gill and kidney 
from black seabream (either seawater- or hypersaline water-reared) were 
prepared. "C" represents the nuclear extract is from 35 ppt sea 
salt-reared control gruoup and “Na” is from 55 ppt sea salt-reared 
treatment group. Oligonucleotides were designed including putative 
ORE motif in (A) sbPRLRl and (B) sbPRLR2 gene promoters. After the 
probes incubated with nuclear extracts, the reaction was electrophoresed 
on 5% non-denaturing gel. Lane 1-6, extracts from gill; lane 7-12, 
extracts from kidney. Specificity of the complexes was determined by 
using a 30-molar excess unlabeled ORE oilgonucleotides (A: lane 3-4; 
9-10; B: lane 4-5, 10-11) or the same ORE region containing mutated 
motifs (A: lane 5-6; 11-12; B: lane 6-7, 12-13). The free probe is lane 1 
in panel B. The result in each panel is the representative of three 
independent experiments. 
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5.2.4.2 OSTFl transactivates the sbPRLR gene promoters 
Recently OSTFl was revealed as an early and transiently upregulated gene in the 
gill of Mozambique tilapia when exposed to hypertonic stress. It is postulated that the 
sequences of OSTFl between tilapia and black seabream are similar, to reveal the 
significance of OSTFl in the sbPRLR gene promoters, an expression vector encoding 
the wild-type form of OSTFl and empty expression vector were separately 
co-transfected with the reporter plasmids into MDCK cells. These experiments were 
performed in the cells maintained in isotonic or hypertonic medium. Two clones were 
selected. One of them, namely clone 21, contained a single amino acid mutation when 
compared with published OSTFl amino acid sequence. Co-transfection with tilapia 
OSTFl expression vector, in spite of small magnitude, increases the promoter 
activities of both sbPRLRl and sbPRLR2 gene (Figure 5.1 OA to D). Larger increase in 
promoter activity was observed in hypertonic medium (Panel B and D). The single 
point mutation did affect the increase in promoter activity in both isotonic and 
hypertonic medium. 
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Figure 5.10 sbPRLR gene promoters are regulated through ORE/OSTFl pathway. 
Tilapia OSTFl was cloned using gill tissue of tilapia. MDCK cells were 
co-transfected with wild-type promoter reporter plasmid (A-B, sbPRLRl 
gene promoter; C-D, sbPRLR2 gene promoter), internal control pR-CMV, 
OSTF expression vector or empty expression vector. Cells were harvested 
after 24 h treatment of 100 mM NaCl (B and D) or control (A and C, 
medium only). The results were normalized with empty expression vector 
and presented as mean士SEM, ** P<0.01; *** PO.OOl vs empty 
vector-transfected cells. The result in each panel is the representative of 
four independent experiments performed in triplicates. 
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5.3 Discussion 
Fish are one of the most ancient animal classes in the world. In ray-finned fish, 
also known as teleosts, evolved a comprehensive osmoregulatory system against 
extracellular environmental osmolailty changes. To inhabit in a fluctuating 
environmental salinity, an osmoregulatory system should be evolved in order to sense 
and appropriately initiate compensatory responses. Many physiological changes to 
environmental fluctuation are mediated by the activation of gene expression (Fiol and 
Kultz, 2007，mini review). The involvement of this osmosensory signal transduction 
can be elucidated through the studies of their promoters. 
Osmotic changes, especially hypertonicity have been demonstrated to activate a 
number of transcription factors in mammals. The first cloned transcription factor 
related to hypertonicity is tonicity response enhancer element binding protein 
(TonEBP or OREBP, Miyakawa et al, 1999). This protein binds specially to a part of 
region of a promoter and the assembly activates the osmoprotective gene transcription. 
This part of sequence is finally named tonicity-responsive enhancer element (TonE), 
which is also known as osmotic response element (ORE). The ORE/OREBP (or so 
called TonE/TonEBP) pathway initiates several cytoprotective pathways to deal with 
osmotic stress such as susceptibility to heat shock and ischemia (Kurz et al., 1998; 
Wettstein and Haussinger, 1998). Ways of cytoprotection include (1) decreased 
degradation (glycerophosphorylcholine); (2) increased synthesis (aldose reductase) 
and (3) increased specific co-transporter expression (BGT, TauT) (Ito et al., 2004; 
Takenaka et al, 1994; Woo and Kwon, 2002, review; Woo et al., 2002a, review). 
A number of reagents are used in producing hypertonic medium. The most 
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common reagent is NaCl, mannitol, sucrose and raffinose. Some of them belong to 
permeable agents, i.e. permeable to plasma membrane such as NaCl or impermeable 
agents such as sucrose and mannitol. Another classification of these reagents is based 
on their nature. The perturbing agents, for example urea, are shown to destabilize 
essential enzymatic activities (Burg et a!., 1998). On the other hand, the 
non-perturbing agents such as glycine betaine are proved to protect the renal cells 
under high osmotic stress. 
We could observe an induction in promoter activity of the two genes with the 
addition of NaCl. While the promoter activity of sbPRLRl increased in the presence 
of sucrose, the promoter activity of sbPRLR2 remained unchanged. Because the test 
was carried out in the same experiment, we confirmed the transcriptional regulation of 
the sbPRLR genes in the present study is not due to the permeability of the reagent 
used. Thus the observed changes are perhaps owing to the hypertonicity. 
The promoter activity of the two sbPRLR genes dropped in the presence of both 
small organic osmolytes viz urea and glycine. We conclude the perturbing ability of 
the reagents is not the reason to the changes of the promoter activity. The presence of 
negative response region in PRLR gene promoters in response to urea or glycine is of 
the great interest, since positive ORE are always reported. In fact, urea has been 
indicated to regulate another signaling cascade under tonicity change (Berl et al.’ 
1997). 
Characterization of mammalian promoters in response to osmoregulation has 
been performed. This is the first report on the identification and characterization of 
teleostean PRLR gene promoter region. Previously, it was successfully shown that 
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there are two PRLRs encoded by two different genes (Huang et al” 2007). And the 
two promoters of the two receptors were cloned. Also it was demonstrated in Chapter 
III and Chapter IV that the two PRLR genes could be differentially regulated by 
hypertonicity. Thus the promoter activities of the two genes were studied in MDCK 
cells. 
MDCK is a cell line derived from canine kidney fibroblasts. Mammalian renal 
cells are commonly used in studying gene promoters in response to hypertonic stress, 
including mouse inner medullary collecting duct IMCD3 cells (Bai et al., 1999; 
Nakayama et al., 2000) and rabbit renal medulla PAP-HT25 cells (Ferraris et al,, 
1999). These cell lines are capable of withstanding high extracellular osmolality 
without any adverse mortalities or morphological changes. Moreover MDCK cells are 
known to express tonicity-responsive genes like betaine/y-aminobutyric acid 
transporter (Yamauchi et al., 1992). 
The promoter activities of the two receptors in MDCK cells were induced in 
response to increasing extracellualr osmolality by adding NaCl, correlating with the in 
vivo data in Chapter III and in vitro data in Chapter IV. Transcipt levels {in vitro data) 
and promoter activity of the two PRLRs reached a maximum at 100 mM NaCl (-500 
mOsm/ kg H2O). From the results of in vitro gene expression of the two PRLRs in the 
kidney explants and their promoter activities in the kidney cells, high osmolality 
would reduce both expression levels and promoter activities of the two genes. 
Downstream physiological consequence of such changes should be against osmotic 
damages to body such as changes in cell volumes and inactivation of certain key 
enzymes. NaCl contribute to the most to high osmolality in renal medulla (Nakayama 
et al., 2000). It is postulated that a mechanism has been evolved of reducing PRLR 
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expression in the renal regions which are of high osmolality in black seabream. 
After sequence analysis, there are a number of ORE-like sequences that resemble 
the mammalian OREs in the two gene promoters of PRLR. The minimal OREs appear 
to be widely distributed in the genome (Nadkarni et al., 1999). Therefore five 
5'-deletion constructs to identify the tonicity sensitive regions in the two gene 
promoters were generated. It was found that only one putative ORE in each promoter 
was biologically active because the remaining sequences did not show significant 
hyperosmotic induction. With progressive mutations made on these OREs, the results 
suggest that single ORE in each gene promoter of PRLR is functional and regulates 
transcription. 
A novel 18-bp sequence conferring hypertonic response which shares no 
nucleotide sequence homolog to consensus ORE has been reported (Bai et al, 1999). 
They identified two sequences for the hypertonic response, an ORE-like sequence and 
a novel sequence. They demonstrated that the ORE-like sequence and this novel 
sequence were functional alone but worked in concert to provide maximal 
transcriptional induction. Few reports revealed the possibility of more than one ORE 
is required for full regulation of a gene promoter (Bai et a!., 1999; Ko et al., 1997; 
Woo and Kwon, 2002, review). We therefore generated a mutant construct for the 
sbPRLR2 promoter with the putative ORE mutated and the sequence more than -1517 
bp was deleted. The promoter activity of this construct showed no difference when 
compared to the promoter activity of the construct possessing mutated ORE but 
without deletion made. Although we failed to show the presence of auxiliary ORE in 
sbPRLRl gene promoters in order to provide full induction, the presence of a novel 
sequence conferring hypertonic response in sbPRLRl gene promoter cannot be 
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overlooked. It is notable for the presence of novel sequence(s) conferring 
hypertonicity that works with the identified ORE in synergy, providing additional 
mechanisms in regulating sbPRLRl gene promoter in black seabream. This is 
reasonable because different utilization of multiple cw-acting elements is proposed to 
be involved in control of osmotic responses in different genes (Bai et al, 1997). In 
summary, it is demonstrated only one ORE site plays the major role in transcriptional 
regulation of sbPRLR gene promoters. 
Furthermore, EMSA revealed the interactions with osmolality-induced nuclear 
proteins between OREs identified. Although it was failed to show contrasting band 
intensity between control and hypersaline water treatment here, it was reported that 
tonicity-related transcription factors such as OREBP preexist in normal state 
(unstressed state) to ensure long-term survival (Dahl et cd., 2001; Miyakawa et al., 
1999). In the case of the ORE in sbPRLRl, two complexes (I and II) were formed and 
predominantly observed when ORE of sbPRLRl was incubated with kidney nuclear 
extracts. In contrast, the two complexes were predominantly formed when ORE 
sequence of sbPRLRl was incubated with gill nuclear extracts. Interestingly, the 
slowly migrated complex I was predominantly observed when the probe of sbPRLR2 
was incubated with nuclear extracts from 55-ppt sea salt reared black seabream. This 
complex was competed by unlabeled ORE or abolished by mutated ORE of sbPRLR2 
gene promoter. The slowly migrated complex could be formed from aggregation of 
DNA-protein complexes arisen from protein-protein interaction that Ko et al. (1997) 
suggested. The two complexes formed as shown in the present study can also be 
explained as follows: (1) OREBP may be involved in the regulation of sbPRLR gene 
expression since this polypeptide was shown to exist in two forms (Miyakawa et al.’ 
1998); (2) it is possible that under in vitro conditions, the putative ORE is occupied by 
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different transcription factors, resulting in different types of DNA-protein complexes. 
For sbPRLR2, although the difference in the intensity of the complex II formed 
between control and hypersaline treatment was small, such difference observed in 
complex I was comparatively larger. Thus complex I might be mainly affected by 
hypersaline water treatment. 
Together with different gene expression profiles, promoter activities and EMSA 
results, it is proposed that sbPRLRl works predominantly in the kidney and sbPRLRl 
works in the gill. Yet the fundamental role of another form of sbPRLR in each organ 
cannot be ignored. As suggested in Chapter III and Chapter IV, sbPRLR2 mediates the 
stress response from PRL. The activation of ORE/OREBP pathway to encode 
osmoprotective genes in the gill is especially important because the gill is always in 
direct contact with salinity fluctuations. These osmotic-stress-activated responses are 
believed to be immediate, acute and tissue-specific. Miyakawa et al. (1998) also 
suggested that other factors including transcription factors themselves could 
determine the tissue distribution of a gene. 
ORE is found to be the c/^-acting element in the 5'-flanking region which is 
responsible for regulating gene expression under osmotic stress. After the discovery of 
ORE sequence in rabbit aldose reductase (AR) gene promoter (Ferraris et al” 1994), 
there are several discoveries of mammalian OREs, including the definition of minimal 
essential ORE of rabbit AR gene promoter (Ferraris et al., 1996). Ferraris's group 
later summarized some of the OREs identified and arrived at a functional consensus 
for mammalian ORE sequence of NGGAAAWDHMC(N). 
Table 5.2 shows all ORE sequences mentioned in either Chapter I (session 1.10) 
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or the above text. One ORE motif was found in each sbPRLR gene promoter. The 
sequence 5 ‘ -TGG A A ATACTTT-3 ‘ was located between -789bp to -777bp of 
sbPRLRl gene promoter while 5‘-TGGAAACTACCA-3‘ was located between 
-1330bp to -1318bp of sbPRLR2 gene promoter. These sequences are similar to the 
reported functional ORE sequence (Ferrais et al., 1999) except not more than 2-bp 
differences in each sequence. Thus the two ORE sites identified in this study are 
conserved among rat, mouse, human and rabbit, supporting the functional significance 
of this ORE site. Such sequence differences may exist among species. 
Substitution of an adenine to a guanine within ORE core has been shown to 
eliminate osmotic response (Ferraris et al., 1996). Point mutations performed in the 
present study further indicate the significance of the combination of nucleotide 
sequences of the element in its functional activity. As the most conserved nucleotide 
combination is 5'-GGAAA-3' (Table 5.2), we have chosen to mutate these nucleotides 
from guanine to adenine or vice versa. The results strongly support the importance of 
this nucleotide sequence combination as a functional ORE, despite other nucleotides 
at different positions within ORE-core required for DNA-protein interaction have 
been reported (Aida et al” 1999; Kojima et al, 2004). Up till now, the mechanism of 
sharing some common transcription factors between species, in a greater extent, how 
they utilize definite OREs are not known. One possibility is the nucleotide 
combination. As Daoudal et al (1997) demonstrated the successful binding resulted 
from the binding of transcription factors on the proper site of OREs. Probably the site 
is 5'-GAAA-3' at the middle and the 3'-end of the OREs. Compared the published 
ORE sequences, the 3'-end is less conserved. Not conserved site may be arisen from 
gene difference. Perhaps it is the key regulatory site to trigger differential expression 
of numerous genes under hypertonic stress. 
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Name of gene promoter Sequences of ORE motif References 
black seabream PRLR 1 TGGAAATACTTT 
This study 
black seabream PRLR2 TGGAAACTACCA ^ ^ 
killifish deiodinase 2 GGGAAAAGCT Lopez-Bojorque 
z et al., 2007 
rat taurine transporter GTATTTTTCCA Ito et al,, 2004 
rat UT-A urea GGAGTTTTCCA Nakayama et al., 
transporter 2000 
rat aldose reductase TGGAAAATCAC Aida et al., 1998 
mouse aldose reductase TGGAAAATCACCA Daoudal et al., 
1997 
rabbit aldose reductase CGGAAAATCACC Ferraris et al., 
1996 
human aldose reductase TGGAAAATCACC Nadkami et al,’ 
1999 
human heat shock TGGTGGAAAAGTCCA Heo et al., 2006 
protein 70 GCT 
human osmotic stress TGGAAAGGACCAG Kojima et al., 
protein of 94kDa 2004 
Consensus canine TGGAANNNTNT Miyakawa et al., 
ORE 
, betaine/y-aminobutyric 1998 proposed 
acid transporter 




Table 5.2 Comparison of ORE motifs identified in the present study with published 
ORE sequences. The most conserved nucleotides are underlined. 
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The only known animal transcription factor that is specifically involved in 
osmoregulation is OREBP before Fiol and Kultz (2005) discovered two new 
transcription factors, namely OSTFl and transcription factor II B (TFIIB) in 
Mozambique tilapia. OSTFl and TFIIB are involved in dealing with osmotic stress. In 
addition, based on the fact that the observed an increase in the abundance of 
transporters after 24 h of exposure to a hypertonic condition, it is believed that the 
regulation of these transporters are supposed to be mediated by immediate early 
transcription factor (lEG; Fiol and Kultz, 2005). However OREBP does not belong to 
an lEG (Miyakawa et al., 1998). Yet the rapid and transient induction of OSTFl and 
TFIIB has been demonstrated (Fiol and Kultz, 2005). Euryhaline fish are constantly 
coping with osmoregulatory demands. Therefore it is not surprising that additional 
early transducers of osmosensory signals are involved in euryhaline teleosts. The 
results of Fiol and Kultz (2005) suggest OSTFl and TFIIB are the potential key 
regulators to respond to a salinity change in a rapid manner in euryhaline teleosts. 
When OSTFl and TFIIB are compared, OSTFl is of particular interest because TFIIB 
is a general transcription factor. However TFIIB has been shown to be targeted to 
stress responses genes such as NF-kappaB, c-Jun and p53 in addition to compensation 
for decreased efficiency of gene transcription during hyperosmotic stress (Kultz, 
2000). 
It was successfully demonstrated in the present study that overexpression of 
tilapia OSTFl increased sbPRLRl and sbPRRL2 gene promoter activities under both 
isotonic and hypertonic media. We used cDNA obtained from the gill of Nile tilapia. 
Two clones were obtained. One of them contained a single amino acid mutation when 
compared with published OSTFl amino acid sequence. These two clones were used in 
determining the significance of OSTFl in participating in osmoprotective pathway in 
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black seabream. Single-point-mutation-possessing clone, as expected, was less potent 
in inducing promoter activity, which was obviously observed when co-transfected 
with sbPRLRl gene promoter. Whether the sequence of black seabream OSTFl is the 
same as tilapia OSTFl remains to be elucidated. Nevertheless, OSTFl is required in 
transcriptional regulation of sbPRLR genes during osmotic adaptation, suggesting the 
osmoprotective role of sbPRLR genes. 
Although biologically active OREs have been identified in the two sbPRLR 
genes and perhaps OSTFl is involved in the ORE/OREBP pathway, the actual 
protein(s) that bind to the element has not been characterized. Together with the 
known involvement of lEG in signaling pathway, identification of /r^ms-acting factors 
that interact with ORE helps us to further elucidate the molecular mechanism of the 
expression of two sbPRLR genes under hypertonicity. 
Regarding the regulation of OSTFl in tilapia, it was reported that the induction 
of OSTFl was dependent on hypertonicity as a signal (or stimulus) and mRNA 
stabilization (Fiol et a!,, 2006). Surprisingly, the induction was independent on 
Cortisol, a known hormone for seawater acclimatization. It is also found that OSTFl 
contains putative phosphorylation sites and binding sites of MAPK, indicating the 
involvement of MAPK pathways (Fiol and Kultz, 2005). With the fact that tilapia 
OSTFl was induced only during hyperosmolality but not oxidative stress or heat 
shock (Fiol and Kultz, 2005), whether black seabream OSTFl that shares similar 
properties remains to be investigated. 
Another transcription factor of curiosity is hypoxia-inducible factor-1 a (HIFl). It 
is a transcription factor that has been identified to interact with the gene promoters of 
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aquaporin family (AQP) to respond to hypertonicity (Zhou et al” 2006). This gene 
family is also hypertonicity responsive. The promoters of AQPl, 4, 5, 9 genes were 
demonstrated to be regulated by hypertonicity (Arima et al, 2003; Umenishi and 
Schrier, 2003; Zhou et al, 2006). HIFl is typically known as a transcription factor to 
mediate adaptive response to the changes in tissue oxygenation. This raises a 
scientific interest of the crosslinkage between hypertonicity-elicited and 
hypoxia-mediated activation. However this linkage is not clear at present. Their 
findings suggested the overlapping of two signaling pathways can actually provide us 
information in identifying more trans-?iQ\\ng factors that are hypertonicity responsive. 
Whether HIFl involved in sbPRLR gene expression during hypertonicity requires 
further study. Yet the observations from Zhou et al. (2006) provide possible 
explanations to show that PRLR is concert to govern adaptive responses following 
osmotic change, enhancing the survival under environmental stress. 
Emerging evidence has suggested that phosphorylation is required in activation 
of hypertonicity-related transcription factors such as osmotic stress protein of 94kDa 
(Osp94; Kojima et al., 2004), OSTFl (Fiol and Kultz, 2005), HIFl (Zhou et al,’ 2006) 
and others (e.g. Aida et al., 1999). MAPK is believed to be responsible for the 
phosphorylation of these transcription factors. However the candidates are not 
concluded at present. Actually, upregulation of several ORE-regulated genes such as 
Osp94 (Kojima et al., 2004) has been shown to be mediated by tyrosine kinases and 
MAPK including p38 MAPK, extracellular signal-regulated kinase (ERK) and Jun 
N-terminal kinase (JNKl) (Berl et al., 1997; Itoh et a!., 1994; Kultz and Avila, 2001; 
Sheikh-Hamnd and Gustin, 2004, review). Of which OSTFl is proven to participate in 
the activation of ORE-involved promoter activity of sbPRLR genes in the present 
study. Although the detailed mechanism is still uncertain, the involvement of OSTFl 
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suggests a potential target of the MAPK pathways in regulating sbPRLR gene 
expressions. Actually Berl et al (1997) have revealed that one or more MAPK 
pathway activated by hypertonicity was involved in the regulation of 
osmoregulation-related genes. 
Information available regarding mechanisms by which the signals of 
extracellular osmolality reaching nucleus to regulate gene expression in mammals is 
pointed to kinase signaling pathways. Chen et al. (1992) has showed that MAPK 
translocates from cytoplasm to nucleus in response to growth factors. This somehow 
facilitates the phosphorylation of osmoprotective transcription factors, in turn, 
activating them. However the kinases responsible for the phosphorylation are yet to be 
known (Jeon et al., review, 2006). A DNA damage-inducible kinase was found to 
contribute to the nuclear distribution of OREBP in response to hypertonicity (Zhang et 
al., 2005), in case consistent with nucleocytoplasmic traffics detected (Tong et al., 
2006). It is not surprising that these kinases affect not only the binding of transcription 
factors to ORE but also their activation and/or synthesis, as observed abolishment of 
formation of complexes in EMSA when MAPK inhibitors were added (Nadhami et al., 
1999). For example, OREBP is shown to require phosphorylation, dimerization, 
translocation and induction before participating in the ORE/OREBP pathway (Woo et 
al., 2002a, review). Therefore members of MAPK family are generally accepted to 
enhance ORE activity. 
Information about MAPK in fish is scarce. Later MAPK family is proven as in 
vivo transducer of osmosensory signals in killifish (Kultz and Avila, 2001). In other 
words, MAPK can be activated by osmotic stress, apart from growth factors (Chen et 
al., 1992). Discrepancies about the involvement of MAPK pathways in transducing 
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osmotic stimuli to transcriptional machinery are noted. For instance Aida et al. (1999) 
showed the ERK did not involve in AR gene regulation, a gene which is known as 
osmoprotective. Nevertheless, all findings suggest that osmotic stress signals through 
divergent pathways. And these findings provide us ideas in explaining the different 
expression patterns of sbPRLR genes in different organs and how transcriptional 
regulation of sbPRLR genes is orchestrated during hypertonicity in euryhaline teleosts. 
All the variations are believed to not only protect the cells from osmotic stress but 
also adjust the functions to the needs for whole organism in dealing with 
environmental fluctuations. It is worthwhile determining if MAPK pathways are 
involved in the expression of sbPRLR genes in order to understand the regulatory 
mechanism of the gene expression of the two receptors in black seabream because the 
co-existence of both ORE/OREBP and MAPK pathways in regulating tonicity-related 
gene expression was emphasized (Kojima et al., 2004; Nadkarni et al., 1999). 
We are of interest about the differences in expression profile of sbPRLRl and 
sbPRLR2 in response to hypertonicity. At this point, we are unable to fully explain the 
mechanisms, but there are hints from the compositions of their promoters. As Berl et 
al. (1997) and Chen et al. (1992) stated, stimulation of MAPK cascade is required in 
hyperosmolality. Several transcription factors such as ATF-2 (binds to cAMP response 
element), c-Myc, (to ets gene family) and API have been identified as 
substrates for MAPK (Daris et al., 1995). However none of them have been 
implicated in tonicity regulation. STATs are activated by hypertonicity (Gatsios et al., 
1998). In addition, NF-kappaB and heat shock factors (HSF) were shown to link to 
the regulation of targets genes under osmotic stress (Lu et al., 2000; Miyakawa et al” 
1999). Also myc-b is a positive regulator of PRLR (McHale et al.’ 2008). With the 
references listed above, putative myc-b and NF-kappaB binding sites were identified 
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on the sbPRLRl gene promoter only. The binding of transcription factors to these sites 
may be in parallel to ORE/OREBP pathway. This enhances sbPRLRl promoter 
activity hence gene expression. 
In contrast, the number of HSF binding site in the sbPRLRl gene promoter is 
more than in the sbPRLRl gene promoter. The regulatory element that HSF binds to is 
heat shock element (HSE). However, the binding of HSF to a c/^-acting element 
distinct from HSE was found (Kojima et al.’ 2004). They proposed such element was 
actually an ORE. Nevertheless, their results provide information about the significant 
involvement of heat shock factors in sbPRLR2 gene regulation under hypertonicity. 
After characterizing the c/^-acting element for osmotic responses, identifying and 
investigating the properties of fra似-acting factors have a rising concern. The first 
cloned transcription factor that binds to ORE is OREBP (or Ton EBP) was identified 
by yeast-1-hybrid method (Miyakawa et al” 1999). It is a Rel-WkQ protein that bridges 
NF-kappaB proteins and nuclear factor of activated T-cells (NFAT) proteins because 
OREBP shares amino acid sequence similarity (restricted to DNA binding domain) 
with NFAT but shares its structure similarity with NF-kappaB (Woo et al,, 2002a, 
review). Therefore OREBP is also named as NFAT5. 
Activation of OREBP in response to hypertonicity is the slowest (Miyakawa et 
al., 1999) probably due to slow kinetics in transcript number inductions. OREBP was 
identified as a phosphoprotein (Dahl et al., 2001). The phosphorylation is supposed to 
be responsible for (1) targeting the protein for nuclear import, and (2) promoting 
stable protein-protein interaction to bind to ORE (Dahl et al” 2001). The 
phosphorylation is widely accepted as an early step in the cellular response to 
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hypertonicity because OREBP was proven to appear in isotonic medium, the 
unstressed state as well (Dahl et al., 2001). Yet the candidates involved in the 
phosphorylation of OREBP are so far not concluded. 
Elevated number of OREBP transcripts in nucleus is the key step in 
hypertonicity-regulated gene expression (Ko et a!., 2000; Woo et al., 2002a, review). 
Miyakawa et al. (1999) suggested the maintenance of low initial levels of OREBP 
would reduce the competition for ubiquitous activating transcription factors. If 
ORE/OREBP pathway is the regulator of sbPRLR gene expression under 
hypertonicity challenge, it is postulated that one of significances in activating sbPRLR 
gene expression in response to hypertonicity is perhaps to signal further OREBP gene 
transcription. Later the transcription factors can be redistributed to ensure long-term 
survival. Such transcriptional machinery would explain stressor-specific regulation of 
sbPRLR genes. 
OREBP is proven to work in a bidirectional manner (Woo et al., 2002a, review). 
That is, the rapid nuclear exclusion of OREBP can efficiently turn off 
ORE/OREBP-dependent gene transcription to avoid deleterious effects. Up till now, it 
is the only transcription factor known to undergo nucleocytoplasmic trafficking in 
response to both hypo- and hypertonicity (Tong et al., 2006). 
There are few proteins that are demonstrated to specifically cooperate with 
OREBP. Ko et al. (2000) also pointed out OREBP could interact with other proteins 
but these protein did not bind to ORE directly. RNA polymerase complex that 
interacts with OREBP at the promoter region was discovered by Miyakawa et al. 
(1998). The amounts of associated proteins are in fact not affected by hyperosmolality 
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(Chen et al., 2007). But these proteins do affect OREBP activity. Chen et al. (2007) 
revealed that heat shock protein 90 increased transcription activity of OREBP and 
poly(ADP-ribose) polymerase (PARP) reduced its activity. Together with protein 
kinase A (Ferraris et al” 2002) and RNA helicase A (RHA; Chen et al., 2007), the 
OREBP activity and subsequent binding to DNA hence transcription of genes can be 
modulated by a number of proteins. The activity of these proteins can provide a 
further mechanism on the ORE-mediated expression of the two sbPRLR genes. 
PRLR in zebrafish embryo was shown to play a permissive role in 
osmoresponsiveness for early embryonic homeostasis (Liu et al.，2006). This suggests 
that PRLR signaling mediates osmotic responses. The present study gives emerging 
evidence of the involvement of PRLR in osmoregulation. The differential expression 
of the two receptors may due to (1) different tissue-specific functions; (2) different 
response to environmental stimuli; and (3) different effects on the downstream 
pathways conferring adaptation. And this expression difference can be arisen by 
multiple levels, starting from the promoters, signal transduction originated from 
membrane to the interaction of numerous factors with. Hypertonicity can induce the 
formation of complexes bound to the ORE motif. At this point, it is not clear whether 
other tonicity-regulated genes use common trans-acting factors responsive to 
hypertonicity. Further characterization of these factors which interact with ORE 
responding to hypertonicity stress is of great interest. The results indicate that the 
OREs in the two gene promoters are activated at least through ORE/OREBP pathway. 
This pathway has been proposed as the major regulatory mechanism for the 
expression of genes that are involved in osmolyte accumulation. This study expands 
the role of this pathway in regulating tonicity-induced transcription mediated by ORE 
to PRLR expression, a gene that mediates numerous physiological effects of PRL. 
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Chapter VI Result: Studies on the 
gene promoters of sbPRLR under 
hormonal challenge 
6.1 Aim of the chapter 
This chapter aims to characterize the sbPRLRl and sbPRLR2 gene promoters and 
study the transcription factor binding of specific cw-acting elements on the gene 
promoters under hormonal challenges. The study in this chapter extends the previous 
work which demonstrated differential regulation of two PRLR genes under steroid 
hormone challenges. The results would be useful for a better understanding of 
sbPRLRl and sbPRLR2 gene regulation in black seabream. 
6.2 Results 
6.2.1 The 5'-UTR region of the two sbPRLR genes contains several hormone response 
elements 
As a first step to understand the transcriptional regulation of the sbPRLRl and 
sbPRLRl genes, the presence of presumptive transcription factor DNA-binding sites 
was determined. The preliminary prediction has been previously reported (Huang et 
al,, 2007). Briefly, sbPRLRl promoter possessed one TATA box but not in sbPRLR2 
promoter. However one GATA potential binding site and one AP-4 site were found in 
sbPRLRl promoter only. Computational analysis revealed the presence of a number of 
potential binding sites which may be implicated in estrogen signaling. Two and three 
ERE half-sites (ERE-like motifs) were found in sbPRLRl and sbPRLR2 gene 
promoters respectively. Although a few GRE-like sequences have been predicted, the 
5'-deletion results revealed the presence of an imperfect GRE which does not 
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resemble the consensus GRE in the sbPRLR2 gene promoter. Naturally occurring 
AREs fall into two categories. One consists of GRE-like sequences. This sequence 
has been demonstrated to mediate androgen-, glucocorticoid-, progesterone-induced 
gene expression (Darbre et al., 1983; Denison et al, 1989; Ham et al, 1988; Strahle 
et al., 1987). Another one contains only single binding site sequences of 
5'-GGTTCT-3'. This sequence has been shown to exclude the binding of GR (Zhou et 
al” 1997). After 5'-deletion analysis, a number of ARE-like motifs have been 
successfully identified in the sbPRLR2 gene promoters. 
6.2.2 Identification of a DNA region required for the responses to steroid hormones 
6.2.2.1 E2-dependent regulation of sbPRLRl and sbPRLR2 genes use imperfect EREs 
It was previously demonstrated that a significant E2-dependent induction of 
sbPRLRl gene promoter activity and a significant E2-dependent reduction of 
sbPRLRl gene promoter activity (Huang et al., 2007). Next step is to examine 
whether transcription factor-binding sites, particularly those imperfect ERE described 
above are involved. To identify the estrogen-responsive regions in the two gene 
promoters, serial deletion constructs were generated. The deletion reporter plasmids 
were transfected into GAKS cells. Since GAKS cells cannot express ER, goldfish 
ERa2 expression vector was also co-transfected into the cells and exposed the cells to 
10"V 17P-E2. For sbPRLRl, deletion up to-1041 bp 5 ' to the transcriptional start site 
could retain the maximum induction as comparable as the wild type A-2361-Luc 
construct (2.85-fold increase) after 24 h of 17P-E2 treatment (Figure 6.1 A). Between 
the region, there is an imperfect ERE (Figure 6.2A). To investigate the role of this 
ERE if it is involved in the E2-dependent induction of the sbPRLRl gene, mutation 
has been made to three nucleotides in the most conserved six bp (AGGTCA to 
ACCACA). Figure 6.2B shows the stimulatory effect of I7P-E2 on the sbPRLRl 
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promoter was completely abolished by the mutation. The results confirmed the 
importance of this imperfect ERE for the positive regulation of the sbPRLRl gene. 
On the other hand, 17P-E2 showed a contrast regulation of sbPRLRl gene. When 
the full-length construct, namely A-2113-Luc construct, was transfected into GAKS 
cells, the promoter activity decreased when the cells were exposed to 17p-E2 (0.5-fold 
decrease). This reduction in promoter activity was not found in the construct which is 
devoid of the putative EREs between -1834 bp and -1517 bp. This construct, 
A-1517-Luc, possessed insignificant reduction in promoter activity when challenge to 
17p-E2 (Figure 6.IB). Since there are two putative ERE resides in the region (Figure 
6.3A), we have further generated two constructs with two putative ERE separately 
mutated in each construct by site-directed mutagenesis. The mutations made were the 
same as described above. Only the mutation of the putative ERE proximal to the 
transcription start site prevented the reduction in sbPRLRl gene promoter activity 
when exposed to 17P-E2 (Figure 6.3B). Because synergism between a half-site and an 
imperfect ERE has been demonstrated to achieve an estrogen response (Menuet et al., 
2004; Petit et al” 1999), it is interesting to know whether the half-site located before 
that ERE can actively participate in the estrogen response of the sbPRLR2 gene 
promoter. To confirm this point, the consensus half-site was deleted. It would generate 
a new construct (A-1612-Luc) possessing the imperfect ERE only. The promoter 
activity of this new construct showed no significant change when compared to the 
full-length A-2113-Luc construct (Figure 6.3B). The effect of 17P-E2 on the promoter 
was not significantly altered when the half site was entirely deleted or mutated, 
demonstrating that this half-site was not involved in the 17p-E2-dependent reduction 
of the sbPRLR2 gene promoter activity. 
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Figure 6.1 The ERE motifs in sbPRLR gene promoters confer estrogen inducibility or 
reduction ability. Left panel: schematic representation of different 
promoter-luciferase constructs used in this study for (A) sbPRLRl gene 
promoter and (B) sbPRLR2 gene promoter. (A-B) GAKS cells were 
transiently co-transfected with 0.5 ug of empty pGL3-basic vector or each 
promoter construct and 0.05 ug pR-CMV as internal control as well as 
0.1 ug gfERa2 expression vector. After transfection, the cells were treated 
with vehicle or lO'^M 17p-E2for 24 h and assayed for firefly and renilia 
luciferase activities. The relative luciferase activity was normalized with 
empty pGL3-basic vector. Each black bar represents the mean土SEM, 
*** 户<0.001 when compared with corresponding controls. Result in each 
panel shown is the representative of three independent experiments 
performed in triplicates. 
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Figure 6.2 Importance of an ERE in the flanking region of sbPRLRl promoter. (A) 
Part of the sequence contains putative EREs in sbPRLRl gene promoter 
(adopted from Huang et al., 2007). (B, left) Schematic representation of 
different promoter-luciferase constructs including the one containing 
mutated ERE used in this study. (B, right) GAKS cells were transiently 
co-transfected with 0.5 ug of empty pGL3-basic vector or each promoter 
construct and 0.05 ug pR-CMV as internal control as well as 0.1 ug 
gfERa2 expression vector. After transfection, the cells were treated with 
vehicle or lO'^M 17p-E2 for 24 h and assayed for firefly and renilia 
luciferase activities. The relative luciferase activity was normalized with 
empty pGL3-basic vector. Each black bar represents the mean土SEM, *** 
户<0.001 when compared with corresponding controls. The result is the 
representative of three independent experiments performed in triplicates. 
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Figure 6.3 Importance of an ERE in the flanking region of sbPRLR2 promoter. (A) 
Part of the sequence contains putative EREs in sbPRLR2 gene promoter 
(adopted from Huang et al., 2007). (B, left) Schematic representation of 
different promoter-luciferase constructs including the one containing 
mutated ERE used in this study. (B, right) GAKS cells were transiently 
co-transfected with 0.5 ug of empty pGL3-basic vector or each promoter 
construct and 0.05 ug pR-CMV as internal control as well as 0.1 ug 
gfERa2 expression vector. After transfection, the cells were treated with 
vehicle or lO'^M 17(3-£2 for 24 h and assayed for firefly and renilia 
luciferase activities. The relative luciferase activity was normalized with 
empty pGL3-basic vector. Each black bar represents the mean土SEM, ** 
P<0.01; *** 户<0.001 when compared with corresponding controls. The 
result is the representative of three independent experiments performed in 
triplicates. 
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6.2.2.2 An ARE motif in sbPRLR2 gene promoter 
As previously demonstrated, the sbPRLRl gene promoter activity remained 
unchanged with increasing doses of testosterone (Huang et al, 2007). The result was 
further confirmed by testing the activity of the 5'-deletion constructs. Figure 6.4A 
shows the promoter activity of various constructs. The fold induction was almost 
constant, although we did identify one ARE-like motif having critical 5'-GGAACA-3' 
consensusseqeunce. 
In the sbPRLR2 gene promoter, testosterone triggers an inhibition of activity. To 
determine if any putative ARBs responsible for the androgen-induced sbPRLR2 gene 
downregulation, the 5'-deletion constructs were transfected into GAKS cells which 
can express androgen receptor. After 24 h of lO'^M testosterone treatment, the cells 
were harvested and tested for luciferase activity. As shown in Figure 6.4B, deletion of 
the 5'-fragment up to -1517 bp abolished the inhibition (13.22土0.025 relative 
promoter activity in control vs 12.31 ±0.19 relative promoter activity in treatment, P 
>0.05). The data revealed that there should be putative ARE motifs in the region of 
-1834 bp and -1517 bp that is/are responsible for the androgen-imduced reduction in 
the sbPRLR2 promoter activity. 
Next, we analyzed the sequence in the region and noticed that there are four 
putative ARE-like motifs corresponding to the 5'-deletion data, as shown in Figure 
6.4C. These elements share some similarities to either consensus ARE reported by 
Roche et al. in 1992 or some reported functional AREs shown in Table 6.1. To further 
focus on this region, we have generated a new constructs (A-1667-Luc) which retains 
two ARE-like motifs proximal to the transcription start site. The new construct did 
result in the loss of reduction (16.59士0.095 relative promoter activity in control vs 
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18.26±0.31 relative promoter activity in treatment, P >0.05) when compared to 
wild-type (A-2113-Luc; 22.38±0.16 relative promoter activity in control vs 
15.39士0.082 relative promoter activity in treatment, P <0.05). Based on the findings, 
the region between -1834 bp to -1667 bp appeared to be required for the 
androgen-induced reduction in promoter activity. 
To determine whether these elements are specific to androgen regulation of 
sbPRLRl gene by androgen, we have generated three separate mutant constructs with 
multiple point mutations. The first two constructs possessed one mutated ARE-like 
motif in each construct. In the third one, both ARE motifs were mutated. Because a 
number of reports have shown that dual AREs are required for the androgen 
regulation of target genes, the presence of the third construct can verify if dual AREs 
are necessary for full androgenic response. The wild-type and the mutated sbPRLRl 
gene promoter constructs were transfected into GAKS cells and the responsiveness 
was evaluated by luciferase activity. As compared to the wild-type, only the mutations 
made on the ARE motif near to the 5'-end resulted in the loss of responsiveness 
towards testosterone (Figure 6.5). The mutations on the second ARE did not result in 
any significant change in term of promoter activity. Yet, it is curious to know if the 
second ARE acts as an accessory ARE required in the response. The activity of the 
construct which contains both mutated ARE motifs resulted in an additional 20% 
increase in the loss of reduction in sbPRLR2 gene promoter activity towards 
testosterone. From the above results, it is concluded that the ARE motif proximal to 
the 5'-end is critical for the full androgen response. Although it seems that the second 
ARE confer little reduction of luciferase activity, the two elements are not supposed to 
function synergistically or additively. 
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Figure 6.4 Effects of 5'-deletion on testosterone-induced changes in sbPRLR gene 
promoter activities. Left panel: schematic representation of different 
promoter-luciferase constructs used in this study for (A) sbPRLRl gene 
promoter and (B-C) sbPRLR2 gene promoter. (A-C) GAKS cells were 
transiently co-transfected with 0.5 ug of empty pGL3-basic vector or each 
promoter construct and 0.05 ug pR-CMV as internal control. After 
transfection, the cells were treated with vehicle or lO'^M testosterone for 
24 h and assayed for firefly and renilia luciferase activities. The relative 
luciferase activity was normalized with empty pGL3-basic vector. For 
(B-C), each black bar represents the mean土SEM, * 户<0.05; ** PO.Ol 
when compared with corresponding control. Result in each panel is the 
representative of three independent experiments performed in triplicates. 
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Figure 6.5 Effect of androgen-response element mutations on androgen-induced 
inhibition on sbPRLR2 gene promoter in GAKS cells. Following the 
co-transfection with the wild-type or one 5'-deletion construct or 
individual ARE-mutated sbPRLR2 gene promoter constructs as indicated 
in the schematic diagram on the left with pR-CMV, the GAKS cells were 
treated with the vehicle or lO'^M testosterone for 24 h. Cells were 
harvested for the reporter assays. The relative luciferase activity was 
normalized with empty pGL3-basic vector. Each black bar represents the 
mean土SEM, * P<0.05; ** P<0.01 when compared with corresponding 
control. The result is the representative of three independent experiments 
performed in triplicates. 
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Name of the gene promoter Predicted sequences of Reference 




prolactin receptor 2 This work 
TGTACAGTGTAGCAT 
TATATACTTTCTTTGC 
type I neutral ACTCAACATTGTGTCCTTT Zheng et al” 
endopeptidase CAGGACATTTTGTCCC 2006 
prostate in C3 subunit AGTACGTCATGTTCT Tan et al, 1992 
androgen receptor (Half site) TGTCCT Dai et al., 1996 
AGTACTCC 
probasin ATAGCATCTTGTTCT Rennie et al” 
GGTTCTTGGAGTACT 1993 
probasin specific antigen AGCACTTGCTGTTGT Cleutjens et al., 
1996 
matrix metalloproteinase TTCCCAAGGTGTATC Li et al., 2007 
CAAGTATATTGTTCC 
cyclin-dependent kinase AGCACGCGAGGTTCC Lu et a!.’ 1999 
inhibitor p21 
prostate-specific glandular GGAACAGCAAGTGCT Murtha et al., 
kallikrein 2 1993 
androgen receptor GGAACGGGAACATGTTCT Zhou et al., 1997 
Consensus ARE proposed GG[T/A]ACAnnnTGTTCT Roche et al, 
1992 
Table 6.1 Comparison of ARE-like motifs in the present study and the published ARE 
sequences. 
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6.2.2.3 An imperfect and a novel GRE present on the sbPRLRl and sbPRLR2 gene 
promoters respectively 
To localize the GRE on the sbPRLRl gene promoter, the deletion constructs were 
transfected into GAKS cells which can also express GR. The cells were treated with 
or without lO'^M Cortisol for 24 h. The results are shown in Figure 6.6A. Deletions 
extending to -1972 bp of the 5'-flanking sequence showed no significant effect on the 
promoter activity. A further deletion to -1571 bp reduced the stimulation similar to the 
control. The data suggested that the region between -1972 bp to -1571 bp harbored a 
positive response element to Cortisol stimulation. Between the region, there is a 
GRE motif predicted by the computational analysis (Figure 6.7A). To test whether this 
motif is actually functional, the binding site (AGTGAACA) was mutated to a 
sequence (ACGTGGAA) which could not be recognized by GR. As compared with 
the wild-type, transfection experiments demonstrated that the mutated sequences 
almost abolished the response to Cortisol (2.36士0.31 fold induction of wild-type vs 
1.03士0.21 fold induction of the mutated promoter, Figure 6.7B). 
Similar experiments were performed using the 5'-deletion constructs of sbPRLRl 
gene promoter. Only the plasmid containing the promoter from -2113 bp to +1 bp 
showed an inhibition in promoter activity (0.62士0.10 fold induction vs control; P 
<0.05, Figure 6.6B). That means the 3' boundary of the responsive region was located 
at -1834 bp. However computational prediction did not reveal any putative GRE 
within the region. We could identify two GRE-like motifs which are similar to the 
consensus GRE sequence, although the homology is fairly low (Table 6.2). To 
confirm the prediction, a new construct (A-1971-Luc) was generated to delete the 
motif near to 5,-end. We found that the deletion of that GRE motif led to the loss of 
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reduction in promoter activity (0.90±0.42 fold induction vs control; P >0.05 Figure 
6.8). Then the function of the sequences was further verified by mutations. The 
sequence of 5'-TACTGTTCT-3' that is identical to the half consensus GRE sequence 
was mutated to 5'CGTCACCTC-3'. Figure 6.8 shows the effect of the mutations. The 
mutation could prevent the inhibition resulted from Cortisol challenge. Together, the 
data show that the GRE-like motif located in the 5'-promxial end is essential for 
glucocorticoid response in the sbPRLRl gene promoter. 
Name of the gene promoter Predicted sequences of Reference 
GRE-like motif 
GATTAATACTGTTCT 
prolactin receptor 2 This work 
TAGATTGAGTGTCCT 
Consensus GRE proposed GCTACAnnnTGTTCT Jantzen et al, 1987 
Table 6.2 Comparison of GRE-like motifs in the present study and the consensus GRE 
sequence. 
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Figure 6.6 Identification of functional GRE motifs on the sbPRLR gene promoters. 
Left panel: schematic representation of different promoter-luciferase 
constructs used in this study for (A) sbPRLRl gene promoter and (B) 
sbPRLRl gene promoter. (A-B) GAKS cells were transiently 
co-transfected with 0.5 ug of empty pGL3-basic vector or each promoter 
construct and 0.05 ug pR-CMV as internal control. After transfection, the 
cells were treated with vehicle or (B) lO'^M or (A) IQ-^M Cortisol for 24 h 
and assayed for firefly and renilia luciferase activities. The relative 
luciferase activity was normalized with empty pGL3-basic vector. Each 
black bar represents the mean土SEM, * P<0.05; ** 户<0.01; *** 户<0.001 
when compared with corresponding controls. The result in each panel is 
the representative of three independent experiments performed in 
triplicates. 
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Figure 6.7 Importance of a GRE in the flanking region of sbPRLRl promoter. (A) Part 
of the sequence contains a putative GRE in sbPRLRl gene promoter 
(adopted from Huang et al., 2007). (B, left) Schematic representation of 
different promoter-luciferase constructs including the one contained 
mutated GRE used in this study. (B, right) GAKS cells were transiently 
co-transfected with the wild-type or one 5'-deletion construct or a 
GRE-mutated sbPRLRl gene promoter construct as indicated in the 
schematic diagram on the left with pR-CMV. After transfection, the cells 
were treated with vehicle or lO'^M Cortisol for 24 h and assayed for firefly 
and renilia luciferase activities. The relative luciferase activity was 
normalized with empty pGL3-basic vector. Each black bar represents the 
mean土SEM, * P<0.05 when compared with corresponding controls. The 
result is the representative of three independent experiments performed in 
triplicates. 
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Figure 6.8 Importance of a GRE in the flanking region of sbPRLRl promoter, (left) 
Schematic representation of different promoter-luciferase constructs 
including the one contained mutated GRE used in this study, (right) GAKS 
cells were transiently co-transfected with wild-type or one 5'-deletion 
construct or a GRE-mutated sbPRLR2 gene promoter construct as 
indicated in the schematic diagram on the left with pR-CMV. After 
t ransfection, the cells were treated with vehicle or lO'^M Cortisol for 24 h 
and assayed for firefly and renilia luciferase activities. The relative 
luciferase activity was normalized with empty pGL3-basic vector. Each 
black bar represents the mean土SEM, * P<0.05 when compared with 
corresponding controls. The result is the representative of three 
independent experiments performed in triplicates. 
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6.2.3 Interaction of the hormone response region and transcription factors 
To verify the identified sequences are functional in actual DNA-protein binding 
in vitro, electrophoretic mobility shift assay (EMSA) was performed. The 
complementary oligonucleotides corresponding to the identified sequences of the gene 
promoters were synthesized, ^^P-labeled and incubated with proteins extracted from 
tissue samples of in vivo experiments as previously prepared (Huang et al., 2007). 
Nuclear fraction was chosen as most of the transcription factors are found inside the 
nucleus. 
6.2.3.1 The ER interacts with the putative ERE motifs in vitro 
Because the nuclear fraction is prepared from tissue samples manipulated in vivo, 
it is not surprising that DNA-protein binding can be observed in control group. 
ERE-ER binding of sbPRLRl is shown in Figure 6.9A. Two complexes were formed 
(I and II). Notably the intensity of the slowly migrated complex was stronger in the 
lane with E2-treated sample (Figure 6.9A, lane 2). Competition experiments indicated 
that a 30-fold molar excess of the same oligonucleotides could displace the retarded 
bands (Figure 6.9A, lane 3-4). No retarded bands could be observed by the 
oligonucleotides with mutated ERE sequence (Figure 6.9A, lane 5-6). The bands 
observed in gel retardation assay confirms the implication of the ERE motif in the 
estrogen regulation of the sbPRLRl gene promoter. 
The number of retarded bands formed by ERE motif of the sbPRLR2 promoter 
was different. There was one retarded band observed (Figure 6.9B lane 1-2). The 
labeled sbPRLR2 ERE probe resulted in a strong ER-DNA complex which has similar 
intensity in oil- and E2—treated samples. We failed to detect any higher order 
complexes when incubated with either molar excess of unlabeled ERE 
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oligonucleotides (Figure 6.9B lane 3-4) or mutated ERE oligonucleotides (Figure 
6.9B, lane 5-6). The results suggest the presence of a functional ERE in the sbPRLRl 
gene promoter region. 
6.2.3.2 The AR interacts with the putative ARE motif in vitro 
Nuclear extracts were obtained from oil-treated and testosterone-treated tissue 
samples of black seabream. Although we found that an accessory ARE motif is 
perhaps present on the sbPRLR2 gene promoter, we examined the one that is critical 
for full testosterone response by gel retardation assay. As expected, an obvious 
band-shift was detected (Figure 6.10, lane 2-3). This band-shift was prevented by 
molar excess of unlabeled wild-type probes (Figure 6.10, lane 4-5). The mutations on 
the putative ARE motif could also abolish the binding ability (Figure 6.10, lane 6-7). 
Taken together, the results demonstrated that the putative ARE motif located near to 
the 5’-end is responsible for the testosterone-regulated sbPRLR2 gene expression. 
6.2.3.3 The GR interacts with the putative GRE motifs in vitro 
To confirm that GR can actually bind to putative GRE identified, the probes 
containing the corresponding putative sequences were synthesized. The probes were 
incubated with either oil- or cortisol-treated nuclear proteins. This incubation gave 
one major high-ordered DNA-protein complex in the case of sbPRLRl (Figure 6.11 A, 
lane 2-3). This complex was displaced by the mutated GRE motifs (Figure 6.11 A, 
lane 6-7). Addition of molar excess cold GRE probe eliminated the formation of 
GRE-GR complexes (Figure 6.1 lA，lane 4-5). The binding shift assay results further 
confirmed the GRE identified in the sbPRLRl gene promoter mediated the response 
to glucococorticoid induction of sbPRLRl gene, although it is not canonical GRE. 
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It was also successfully demonstrated that the putative GRE in the sbPRLRl 
gene promoter can bind to GR by EMSA. Figure 6.1 IB shows that relative to the 
labeled GRE probes in the absence of nuclear protein (lane 7)，retarded mobility 
occurred in the presence of nuclear fractions. The intensity of the band in control (lane 
1) and cortisol-treated (lane 2) was very similar. The shift was indicative of binding 
GR protein to the oligonucleotides with the contrastive results observed in negative 
controls. The band shift disappeared when the extracts incubated with molar excess of 
cold wild-type GRE probe (lane 3-4). No obvious binding were observed in the lanes 
which have mutated GRE probes and nuclear fractions incubated (lane 5-6). This 
finding is consistent with the reporter assays, showing that GRE identified in 
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Figure 6.9 Transcription factor(s) associated with the ERE identified in the sbPRLR 
gene promoters in vitro. Electrophoretic mobility shift assays were 
performed using ^^P-labeled probes corresponding to the putative ERE of 
the wild-type (A) sbPRLRl gene promoter and (B) sbPRLR2 gene 
promoter identified from deletion and mutagenesis analyses. The probes 
were incubated with the nuclear fraction prepared from gill of black 
seabream with or without E2 treatment. "C" represents the fraction used is 
from oil-treated fish and "E2" is from estrogen-treated fish. The mixtures 
were separated on a 5% non-denaturing gel. Specificity of the complexes 
was determined using a 30-molar excess unlabeled ERE oilgonucleotides 
(lane 3-4) or the same ERE region containing mutated motifs (lane 5-6). 
Lane 7 was the free probe. Two complexes were formed when incubating 
with ERE probes of sbPRLRl. The result in each panel is the 
representative of three independent experiments. 
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Figure 6.10 Transcription factor specifically binds to the putative ARE motif in vitro. 
Electrophoretic mobility shift assays were performed by using ^^P-labeled 
probes corresponding to the putative ARE of the wild-type sbPRLR2 gene 
promoter identified from deletion and mutagenesis analyses. The probes 
were incubated with the nuclear fraction prepared from gill of black 
seabream with or without testosterone treatment. "C" represents the 
fraction used is from oil-treated fish and "T" is from testosterone-treated 
fish. The mixtures were separated on a 5% non-denaturing gel. 
Specificity of the complexes was determined using a 30-molar excess 
unlabeled ARE oilgonucleotides (lane 4-5) or the same ARE region 
containing mutated motifs (lane 6-7). Lane 1 was the free probe .The 
result is the representative of three independent experiments. 
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Figure 6.11 Electrophoretic mobility shift assay on the transcription factor binding to 
sbPRLR gene promoters. ^^P-labeled probes corresponding to the putative 
GRE of the wild-type (A) sbPRLRl gene promoter and (B) sbPRLRl 
gene promoter identified from deletion and mutagenesis analyses. "C" 
represents the fraction used is from oil-treated fish and "G" is from 
corti sol-treated fish. The probes were incubated with the nuclear fraction 
prepared f rom gill of black seabream with or without Cortisol treatment. 
The mixtures were separated on a 5% non-denaturing gel. For (A), 
specificity of the complexes was determined using a 30-molar excess 
unlabeled GRE oilgonucleotides (lane 4-5) or the same GRE region 
containing mutated motifs (lane 6-7). Lane 1 was the free probe. For (B), 
specificity of the complexes was determined using a 30-molar excess 
unlabeled GRE oilgonucleotides (lane 3-4) or the same GRE region 
containing mutated motifs (lane 5-6). Lane 7 was the free probe. The 
result in each panel is the representative of three independent 
experiments. 
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6.3 Discussion 
6.3.1. Sex steroids 
The present study extends the previous work which demonstrated differential 
regulation of the two PRLRs under steroid hormone challenges in black seabream. 
Except Cortisol, which is a well-studied hormone for seawater adaptation in teleosts, 
there has been increasing awareness on the effects of endocrine disrupters to aquatic 
life, particularly on reproduction and development. There is also an increasing body 
of evidence showing that steroid hormones can actually impair the salinity tolerance 
of fish. PRLRs were found to be highly expressed in osmoregulatory organs in black 
seabream (Huang et al., 2007). It is interesting to know how steroid hormones can 
influence osmoregulation in fish in which PRLR can be involved. 
6.3.1.1 Estrogens 
Estrogens exert a wide variety of effects on numerous aspects such as growth, 
differentiation and reproduction. Estrogens can regulate the expression of many target 
genes. Some of which are known to be activated by the interaction of estrogen 
receptor (ER), estrogens and ERE (Fritah et al., 2002). Upon ligand binding, the 
dimerized ER binds to specific DNA sequences known as ERE and stimulates 
estrogen-targeted gene transcription. The minimal consensus ERE sequence is a 
palindromic inverted repeat: 5 ‘ -GGTC AnnnTGACC-3 ‘. However, most 
estrogen-regulated genes contain imperfect, non palindromic EREs (Klinge, 2000, 
review). 
In the present study, it was demonstrated that estrogen-regulated expression of 
sbPRLRs was mediated through the binding of ligand-bound ER to a functional ERE 
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in the gene promoter. From the deletion and mutagenesis results, ERE of sbPRLRl 
(5‘-AGGTCAGGGCGTTCT-3‘) and of sbPRLR2 (5'-AGGTCAGGTTAGAAT-3') 
belong to the imperfect ERE. 
In mammals, PRLR is thought to be controlled by tissue-specific promoters of 
the gene. These promoters initiate the transcription of alternative first exons to express 
different forms of the transcript (Hu et al., 1996). In teleosts, the ways in which 
estrogens influence PRLR expression, to our knowledge, have so far been described 
in gilthead seabream (Cavaco et al., 2003) They demonstrated that PRLR expression 
was dependent on developmental stages and, in turn, the hormonal status (e.g. 
estrogen levels). 
GAKS cells are goldfish scale fibroblasts. The rationale to use this cell line is 
mainly due to its response to PRL observed. Fujimoto et al. (2006) demonstrated 
goldfish scales are one of the targets of PRL. Also PRL was shown to affect 
osteoclastic activates of goldfish scales in vitro (Suzuki et al. 2005). Consistent with 
the previous report (Huang et al. 2007), GAKS has been used in subsequent 
transfection experiments. 
A positive regulation of sbPRLRl gene expression has been previously reported 
that sbPRLRl was upregulated in response to 17p-estradiol (Huang et al., 2007). 
Co-transfection of GAKS cells with sbPRLRl gene promoter construct and gfERa2 
expression vector led to a significant induction of the reporter gene in the presence of 
IVp-estradiol (Huang et al., 2007). 5'-deletion and mutation of the sbPRLRl gene 
promoter region showed clearly that mainly the ERE from -1283 bp to -1268 bp was 
involved in the estrogen-dependent induction of the sbPRLRl gene. We observed by 
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EMS A that nuclear proteins from the gill were able to bind to ^^P-labeled 
oligonucleotides that contained the reporter assay-validated ERE of the sbPRLRl 
gene promoter. The formation of two obvious DNA-protein complexes further 
confirmed that the sbPRLRl ERE is biologically active to confer the 
estrogen-dependent induction of sbPRLRl expression. 
Other regulatory sequences in the promoter of an estrogen-sensitive gene can 
also involve in transcription initiation as a hormonal response. C/•厂elements such as 
Spl, TCF, NF (kappaB, CRE) and class II nuclear receptor such as retinoic acid 
receptor (RAR), retinoid X receptor (RXR) and thyroid receptor (TR) have been 
described. In these cases, transcriptional activity is regulated by the direct 
protein-protein interactions involving these transcription factors (Paech et al., 1997). 
That is, DNA binding of these transcription factors is stabilized by their interactions 
with ligand-bound ER. This protein-protein interaction allows ER-associated 
co-activators to facilitate template accessibility (Klinge, 2000, review). Moreover, 
Moldrup et al. (1996) demonstrated that hepatocyte nuclear factor 4 (HNF4) binds to 
and activates PRLR promoter in rat liver. Interestingly, some of the transcription 
factors described such as NF-kappaB and orphan receptor HNF binding site are only 
present in the promoter of sbPRLRl but not in sbPRLRl. This ERE-irrelavant 
transcription activity may supplement the estrogen-induced expression of sbPRLRl. 
SbPRLR2 expression and its promoter activity exhibited an opposite direction 
from sbPRLRl expression under estrogen challenge. To investigate the effect of 
17P-estradiol on the sbPRLR2 promoter, transfection experiments were carried out to 
reveal the importance of the putative sites as functional ERE(s). Synergistic effects 
between EREs and half-site EREs are of interest, despite the absence of consensus 
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ERE in a gene promoter (Menuet et al,, 2004; Petit et al, 1999). Imperfect EREs are 
less active in transcription initiation than consensus EREs (Nardulli et al., 1996). 
Therefore, the binding of transcription factors to their adjacent and the more distally 
located regulatory sequences can influence the transcriptional activity of 
estrogen-regulated genes (Petit et al., 1999). Estrogen-responsive region of the 
sbPRLRl promoter, defined by 5'-deletion analysis, contained two putative EREs. 
Therefore it would be interesting to test for any synergistic action between these sites. 
Yet by the mutagenesis experiments and subsequent 5'-deletion analyses, the site 
proximal to the 5'-end of the promoter region studied was not involved in the 
estrogen-dependent response in sbPRLR2 gene. EMSA was carried out with labeled 
oligonucleotides containing the other putative ERE (from -1555 bp to -1541 bp). The 
DNA-protein complex rendering a high band intensity in the autoradiograph provided 
further validation of the ERE. 
NKA, in addition to PRLR, is another effector of estrogenic response in teleosts. 
Gill NKA activity and subsequent salinity tolerance were shown to be affected by 
estrogens in salmonids as well (e.g. Madsen et al., 1997; McCormick et al., 2005; 
Stoffel et al., 2000). The estrogenic effect on seawater adaptation is not limited to 
salmonids. Such effects were also found in non-salmonid euryhaline species such as 
Mozambique tilapia (Vijayan et cd., 2000) and killifish (Mancera et al., 2003). All the 
results indicated that estrogen and/or estrogenic compounds could reduce branchial 
NKA activity, synthesis of NKA pumps and stimulate the catalytic processes of the 
pumps (Mancera et al.’ 2003). Besides, estrogens can indirectly influence on 
osmoregulation through other endocrines such as PRL. Estrogens have stimulatory 
effect on PRL production in teleosts (Barry and Gray, 1986) in which PRL is well 
established to affect gill NKA activity, plasma osmolality and ion concentrations 
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(Manzon, 2002, review; McCormick 1995). However, these osmoregulatory effects of 
estrogens still depend on the species. Guzman et al. (2004) demonstrated that 
estrogens could stimulate gill NKA activity in gilthead seabream. They proposed that 
estrogens could reduce circulating PRL and thus reduce the inhibitory effects of this 
hormone on the gill NKA activity. 
The discrepancies of observed effects of estrogens on osmoregulation in different 
species can, in fact, develop a basis on justifying the co-existence of two types of 
PRLR in teleosts. Estrogens generally impair hypoosmoregulatory capacity 
(Reference, refer to Chapter I session 1.8.1) and stimulate PRL production in teleosts. 
PRL is well established to impair hypoosmoregulatory capacity after exposing to 
hypertonicity in teleosts. Because the biological effects of PRL are mediated by PRLR, 
it is easy to imagine that PRLRs are involved in such a pathway. In other words, 
PRLRs have a role to play to affect osmoregulation. On the other hand, estrogens 
have different effects on the expression of two PRLRs in black seabream. The 
constituent response initiated by the ligand-bound PRLR complex may be different 
because the receptors are differentially regulated by estrogens. The inconsistent 
responses may be probably due to the functional difference of the two receptors. As a 
result, none of them are retardant such that they can co-exist in a single teleost. 
Teleosts may also spend additional energy on estrogen-responsive gene transcription 
to alleviate the inhibitory effect from estrogen on osmoregulatory system. And 
perhaps the consequences may have minor effects on the system. This may also be 
one of the reasons why teleosts keep one more PRLR gene after genome duplication 
and diffentially regulated. 
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6.3.1.2 Androgens 
Androgens act through their receptors, which belong to a member of the steroid 
nuclear receptor superfamily to induce genomic effects. Upon stimulation, androgen 
receptor translocates from cytoplasm to nucleus and interacts with specific DNA 
sequences within androgen-targeted genes. 
Using the available sbPRLRl and sbPRLR2 promoter regions, the activities of 
the two gene promoters responding to exogenous androgen treatment have been 
previously tested. The results were consistent with the gene expression studies in 
which the expression of sbPRLRl was not significantly changed but the expression of 
shPRLR2 was downregulated (Huang et al., 2007). Within the 2.3kbp promoter region 
of sbPRLRl, although it was able to identify a potential androgen receptor binding 
site, the promoter activity remained unchanged. It is possible that (1) androgen is not 
involved in sbPRLRl gene regulation, or (2) the potential binding site is not a 
functional ARE. 
With regard to 5'-flanking region of the transcription initiation site of sbPRLR2 
gene promoter, the cloned 2.2kb sequence was characterized and examined with 
luciferase activity assay. By homolog search, four potential ARE-like motifs were 
identified. Upon further investigation, two of them were proven to be involved in the 
transcriptional regulation of the sbPRLR2 gene. Deletion of the two ARE-like motifs 
before -1667 bp caused a loss of reduction in the promoter activity compared with the 
wild-type control. Meanwhile, in the mutagenesis study, reduction of the promoter 
activity was shown to depend on whether either or both of the motifs were mutated. 
The motif closer to the transcription start site, when mutated, did not result in loss of 
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reduction, whereas mutation of the other led to the reduction of promoter activity. In 
vitro binding of nuclear proteins with this ARE-like motif was further determined by 
EMSA. These results clearly indicate the motif can function in the sbPRLRl gene 
promoter. 
We found that an ARE-like sequence participates in the sbPRLR2 gene regulation. 
Androgen receptor can recruit co-regulators to the target promoter (Auboeuf et al,, 
2004; Lonard and O'Malle, 2005, review). The suppression may be owing to the 
presence of co-repressors of ligand-bound androgen receptor, as Huang et al. (2007) 
suggested. If the gene suppression is due to co-repressors, then one of the functions of 
this ARE-like motif is to recruit a complex of proteins. The assembly of the proteins is 
believed to repress gene expression by maintaining chromatin in a more condensed 
state, impairing access of transcription factors (Klinge, 2000, review). Whether the 
co-repressors can modulate the sbPRLR gene expression remains investigations. 
The cooperation of several regulatory elements is believed to allow efficient gene 
transcription of steroid-regulated genes (Klinge et al., 2001). Moreover, the combined 
effect of multiple ARBs is believed to be either additive or synergistic. Therfore, 
identification of multiple ARE motifs on the promoter of androgen-regulated genes 
has been reported (androgen receptor, Dai and Burnstein, 1996; metalloproteinase2, 
Li et al., 2003; probasin, Rennie et al, 1993; prostate specific antigen; Reid et al” 
2001; sexlimited protein, Devos et al., 1997; type 1 neutral endopeptidase, Zhen et al., 
2006). Although an ARE-like sequence on the 5'-flanking region of the sbPRLR2 
gene promoter was identified, the presence of other response elements or enhancers (1) 
even in several kilobase far-upstream of the promoter; (2) in introns; (3) in 3'-UTR; 
and (4) in coding region cannot be overlooked (Burnstein et al.’ 1994; Li et al., 2007; 
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Kaneko et al； 1993; Zheng et al., 2003). It is not surprising that cooperative activity 
of the regulatory sequences controls over a long distance within the genome (Ptashne, 
1986, review) and transcription factors were found to act over long distances (Oshima 
and Simons, 1992). 
Cw-acting elements that are responsible for androgen responses fall into two 
groups, class I and class II (Reid et al., 2001). Class I displays a conventional pattern 
in terms of guanine contact. Class II displays an unusual pattern to facilitate androgen 
receptor binding to adjacent class I site. The work of Zhou et al. (1997) proved that 
direct repeats of a DNA sequence can function as an ARE. A biologically active 
ARE-like motif was identified in the sbPRLR2 gene promoter. This motif can fit into 
class I (Table 6.3) and show the characteristic of direct repeats Zhou et al. (1997) 
reported. Similarly, a sequence, 5'-TGTCCTCTTCC-3' located in the first intron of 
androgen-regulated 20kDa protein gene, contains direct repeats (Ho et al., 2003). 
The location, sequence and number of ARE motifs vary among 
androgen-regulated genes, but the androgen-responsive region typically possesses 
non-consensus semipalinodromic sequence of 5'-TGTTCT-3'. Therefore natural 
occurring ARBs are usually nonconsensus. Such elements have been proven to 
possess suboptimal binding affinity for the transcription factors when compared to 
consensus sequence (Reid et al., 2001). To permit efficient binding of the 
transcription factors to, it is possible that the sequence adjacent to the nonconsensus 
sequence creates an "activation element". This activation element allows the 
involvement of other factors binding to the nonconsensus sequence (Adler et al., 1991; 
Zhou et al., 1997). The efficient binding can also be enhanced by special spacing, 
compositions and orientation of the binding sites within DNA sequences (Zhou et al., 
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1997). For example, binding of the androgen receptor to direct repeats allows more 
flexibility than palindromic repeats (Aumais et al., 1996). Androgen receptor was also 
shown to bind to direct repeats more than typical inverted repeat sequences (Clasessen 
et al., 1996). The results in the present study further demonstrated that an ARE 
sequence distinct from consensus confers androgen specificity. 
Dai and Burnstein (1996) demonstrated that cyclohexiamdie could not block 
androgen-regulated expression of androgen receptor mRNA. The two receptors are 
differential regulated, suggesting other factors, instead of androgen receptor itself, are 
involved. Putative ARE located in the promoter region may silence in the absence of 
essential regulatory elements (Dai and Burnstein, 1996). Other proteins such as 
non-receptor transcription factors, co-activators or co-repressors may also be involved 
(Onate et al., 1995). They may be preexisting and independent on androgen for their 
expression. SRY-binding site for testis-expressing protein binding is shown to interact 
with androgen receptor. This site can be identified in the promoter of sbPRLR2 but not 
sbPRLRl. Perhaps it is one of the factors to signal the ARE on the sbPRLR2 gene 
promoter, supplementing the response of sbPRLRl towards androgens. 
A number of GRE-like sequences have been identified in some 
androgen-regulated genes such as rat prostatic binding protein C3 subunit (Claessens 
et al., 1990) and human glandular kallikrein (Riegman et aL, 1991). The work of 
Zhou et al (1997) concluded that androgen-receptor binding sites shared similarities 
to the core GRE consensus motif. The identified ARE motif in the sbPRLR2 gene 
promoter resembles a half-site GRE. As consensus ARE is one-base different from 
consensus GRE, this provides a basis for a possible mechanism that androgen receptor 
or other transcription factors are capable of preferentially interacting with specific 
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regulatory sequences, which can exclude the binding of other nuclear factors. Thus 
the ability to distinguish between androgen receptor and other steroid hormone 
receptor may be due to the (1) presence of accessory cw-acting elements (Rennie et al” 
1993) and (2) characteristic of direct repeats available for specific binding of 
androgen receptor. 
Hormonal controls of osmoregulation in teleosts involve differentiation and 
activation of ion transport capacity (Foskett et al,, 1983, review). Regarding the 
effects of steroid hormones on osmoregulatory processes, it was shown that while 
increasing growth, administration of steroid hormones had an inhibitory effect on 
salinity tolerance (Fagerlund and McBride, 1975). This is especially critical for 
anadromous teleosts because spawning migration must occur during their life. This is 
also critical for the marine teleosts, for example black seabream. Later, it was 
demonstrated that androgens impaired osmoregulation by the means of NKA activity 
(Schmitz and Mayer, 1993). Androgen treatment reduced gill NKA activity in Arctic 
char. They suggested that the adverse effects of androgens on ion transport did not 
appear to be due to a direct action on the gill NKA system. Instead, histological 
activities in terms of cell and nucleus size of mitochondrial-rich cells were proposed 
(Miwa and Inui, 1986). Therefore it is highly warranted to investigate whether PRLR 
can participate in modifying NKA activity under androgen challenge. 
It has been indicated that the impaired hypoosmoregulation by androgens was 
closely correlated to elevated magnesium rather than sodium levels (Schmitz and 
Mayer, 1993). Kidney in teleosts is known to be responsible for the excretion of 
excess magnesium ions in hypersaline environment (Evans, 1979). In other words, 
androgens may directly or indirectly affect magnesium ion mechanism in the kidney. 
-161 -
Chapter VI Result: Studies on the gene promoters of sbPRLR under hormonal challenge 
In addition, steroid hormones have been proven to induce calcium mobilization from 
scale (Carragher and Sunpter, 1991; Persson et al,, 1994). The scales are the 
outermost part of the fish that contact with the external environments. The integrity of 
the scales would partially alter the normal permeability of ions and water in or out of 
the body. 
Schmitz and Mayer (1993) suggested that androgens can also act on endocrine 
glands involved in osmoregulatory processes. For example, androgens can alter 
thyroid hormone levels (Ikuta et al., 1987) in which thyroid hormone can take part in 
osmoregulation (Lopez-Bojorquez et al., 2007). 
In black seabream, androgen administration repressed the expression of 
sbPRLR2 in the kidney (Huang et al, 2007). While PRL increases renal NKA activity, 
the partition of energy on the sbPRLR2 pathway would increase the number of PRL 
that is free from androgen influences. This hypothesis supports the distinct 
physiological functions for the two receptors. 
These negative effects of androgens on osmoregulation should be responded 
immediately to alleviate adverse consequences to the whole body. Thus it is 
interesting to know if PRLRs can be involved, that is, while one of them is to reduce 
the adverse outcome by paying at an energetic cost, the other expresses and initiates 
any remedies for the changes. 
In summary, the ARE sequence located between -1822 bp to -1807 bp in the 
sbPRLR2 gene promoter has a property similar to other androgen-regulated genes that 
do not contain the optimized elements on their promoters (Table 6.3). 
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6.3.2. Interrenal hormone - Cortisol 
Steroid hormones regulate the expression of specific genes by a mechanism 
involving interacting of hormone receptors with DNA elements within the regulated 
promoters. Hormone regulatory element (HRE) has been identified as DNA sequence 
that can be recognized by the hormone receptors. HRE has been grouped into two 
categories of inverted repeat consensus sequences: 5'-TGACC-3' motif that mediates 
estrogens, retinoic acid and thyroid hormone (Klinge, 2000, review; Zhou et al.’ 1997) 
and 5'-TGTTCT-3' that recognizes glucocorticoid, progesterone and androgen 
receptors (Scheidereit et al., 1986; Strahle et al., 1987). Yamamoto (1985) reported 
the hexanucleotide TGTTCT is indicative of glucocorticoids receptor (GR) binding 
sites. Later Jantzen et al. (1987) reported a consensus GRE sequence is 
5‘-GGTACAnnnTGTTCT-3‘. To understand the role of glucocorticoids in the 
regulation of the two sbPRLR genes, a detailed analysis of hormonal control of these 
genes has been performed. 
Binding of GR to the specific DNA sequence that mediates the transcription of a 
gene was reported in either stimulatory or inhibitory manner (Kaiser et al., 1996). As 
a result, they are either called positive or negative GREs. Some of the functional 
GREs identified in glucocorticoid responsive promoters such as 
phosphoenol-pyruvate carboxykinase (Imai et cd., 1990) and proliferin (Diamond et 
al., 1990) did not match consensus sequence. Also, negative GRE does not often 
match consensus sequence (Vander Kooi et al., 2005). Several GREs have been 
reported in some gene promoters including sea bass pancreatic amylase gene (Ma et 
al” 2004), human pancreatic and salivary amylase gene (Cockell et al” 1995; State et 
al” 1993), NKA a-subunit (Kolla et al” 1999), NKA (31-subunit (Deforl et al., 1998), 
Dax (Gummow et cd., 2000), glucose-6-phosphate catalytic subunit (Vander Kooi et 
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al., 2005), hepatic glutaminase (Chung-Bok et al., 1997), tyrosine aminotransferase 
(Jantzen et al., 1987), cystic fibrosis transmembrane conductase (CFTR, McCarthy 
and Harris 2005) and vitellogenin (Scheidereit et al., 1986). Few of these reports 
discovered more than one functional GRE on the gene promoter. These GREs 
exhibited cooperativity for full responsiveness of glucocorticoids. 
Although consensus GRE in the sbPRLR2 gene promoters was predicted by 
computational analysis, result from 5'-deletion analysis demonstrated that the 
consensus GRE sequence at -420 bp and -408 bp was not related to 
glucocorticoids-regulated sbPRLR2 downregulation. In other words, the regulatory 
element on the promoter can be regarded as an imperfect GRE or a novel sequence for 
glucocorticoid responses (Table 6.4). Because sbPRLR2 is downregulated by Cortisol, 
the GRE identified on the sbPRLRl gene promoter is believed to be a negative GRE. 
In the case of sbPRLRl gene, full inducibility was preserved up to deletion -1972 
bp/-1571 bp. Deletion of an additional 401 bp to -1041 bp, inducibility was 
completely lost. Between the region, there is putative half-site GRE. In fact, some 
half-site GREs have been proven as functional GREs and glucocorticoids are effective 
in activating half-site GREs in the presence of other transcription factors (Karin 1998; 
Morin et al.，2000; Tseng et al., 2001). Thus it is possible that the half-site found on 
the sbPRLRl gene promoter is biologically active. To test this, only the bases 
highlighted by computation prediction were mutated. The inducibility was totally lost 
compared with the wild-type control. The half site 5'-AGTGAACA-3' resembles the 
consensus 5'-T/GGTACA-3' half-site, revealing the half-site GRE on the sbPRLRl 
gene promoter can work as a functional c/5-acting element for full glucocorticoid 
inducibility. It is also interesting to note that the presence of HNF binding site on the 
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sbPRLRl gene promoter only. In mammals, the expression of HNF proteins is not 
exclusive to the liver-specific manner (Rausa et al., 1997; Stenson et al,, 2000). Also 
HNF family is proposed to be a family of positive regulatory elements in sea bass 
amylase promoter that relates to hormonal regulation of amylase gene expression (Ma 
et al,, 2004). Whether HNF3P on the sbPRLRl gene promoter is involved in the 
regulation of sbPRLRl gene is to be investigated. 
Scheidereit et al. (1986) divided the GRE sequence into three groups according 
to the number of location of guanines, the contact points which were protected by 
methylation and the glucocorticoid responsive sequence was identified by nuclear 
footprinting. On the basis of the definition, the putative GRE-like motif on the 
sbPRLR2 gene promoter belongs to class II, which has only two contact points within 
the conserved hexanucleotide 5，-TGTYCT-3，(Table 6.4). It is noted that this 
hexanucleotide sequence can also be recognized by progesterone or androgen 
receptors. Additional mechanisms are required for GR-specific binding. The array of 
hydrogen bonds was shown to contribute the sequence recognition by GR (Scheidereit 
et al” 1986). This is, the hydrogen bond pattern is special along the entire length of 
sequence instead of the conserved hexanucleotide. Another possibility, as mentioned, 
is the characteristic of direct repeats recognizing androgen receptor but not GR in 
addition to the consensus hexanucleotides. 
The results presented so far clearly demonstrate that GREs of both gene 
promoters confer inducibility and inhibition, respectively from a position far upstream. 
These observations strongly support the concept of GREs acting as hormonally 
regulated enhancers (Jantzen et al, 1987; Yamamoto, 1985). Moreover there is 
evidence that Cortisol is an important component of sbPRLR gene expression by the 
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discovery of functional glucocorticoid binding sites. Glucocorticoid binding sites in 
the promoter region of killifish CFTR gene were identified, but the binding sites were 
non-functional (Schulte and Keir 2003). This is the first report identifying functional 
GREs on osmoregulatory target genes. 
Cortisol is a kind of adrenal-cortical steroid hormones that is known to be 
implicated in osmoregulatory responses . In te leosts , Cortisol is the m a j o r 
corticosteroid which plays a dual role in controlling the regulation and balance of both 
carbohydrate and salt/water (Bern and Madsen, 1992). It is also proven that Cortisol is 
involved in both freshwater and seawater acclimatization in several teleosts (Evan, 
2002). As a result, it is easy to speculate that one w a y o f d i s t inguish ing Cortisol 
signaling in freshwater- and seawater-adaptive effects may be achieved by the 
activation of different receptors for corticosteroid binding. Ducouret et al. (1995) has 
proposed that fish use a single GR for both metabolic and salt regulation However, it 
was later revealed that actually either GR or mineral corticosteroid receptor (MR) can 
be activated for the same corticosteroid binding (Sloman et al., 2001). It is accepted 
that GR is linked to seawater-adaptation and MR to freshwater-adaptation mainly due 
to their ion excretion and retention abilities (Kiilerich et al., 2007b; Scott et al” 2005; 
Sloman et al., 2001). The regulation of GR and MR can therefore help to differentiate 
Cortisol signaling. 
In view of the fact that Cortisol is equipped with a dual role on osmoregulation, 
the present study would provide a more comprehensive picture of Cortisol signaling 
that PRLR may involve in the pathway. Glucocorticoids in mammals were suggested 
to decrease pituitary PRL secretion and the effects of glucocorticoids on PRLR 
expression was revealed not primarily mediated by pituitary factors (Marshall et al. 
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1978). Additional level of control is, therefore, exerted at the PRLR level, changing 
PRLR in terms of number and affinity to modulate the responses to circulating PRL. 
Previously it was demonstrated that sbPRLRl was upregulated whereas sbPRLR2 was 
downregulated by Cortisol. Because functional GREs on the promoters of two sbPRLR 
genes have been successful ly identified, Cortisol directly regulates sbPRLRs. Thus, the 
regulation of PRLR may help to signal consequent responses of Cortisol against 
osmotic stress. The work of Burg et al. (2003), Farman and Rafestin-Oblin (2003) and 
Sturm et al. (2005) demonstrated that GR and MR in teleosts are capable of binding 
identical response elements in the target gene promoters. The regulation of GR and 
MR would then be another mechanism to differentially regulate the expression of two 
sbPRLRs, assisting in differentiat ing Cortisol signaling for either seawater- or 
freshwater-adaptation. It is one more step in understanding the functional difference 
of the two PRLRs, in particular, in mediat ing the bidirectional effects of Cortisol in 
teleosts. 
Cortisol plays an important metabolic role in relation to stress (Mommsen et al,, 
1999). Relationships among stress, salinity and osmoregulation are relevant for 
euryhaline and anadromous species (Redding and Schreck, 1983). The teleosts are 
supposed to evolve a system of avoiding osmoregulatory dysfunctions. The relation 
between Cortisol and osmoregulation during stress may center on energy requirements. 
In other words, the correct energy reallocation induced by Cortisol is essential for 
survival. Here GR/MR-PRLR axis may be involved in energy reallocation. It is 
supposed that adaptation to environmental salinity is a rather chronic process when 
compared with acute "stress" response. Continuous release of Cortisol into circulation 
system induced by hypertonicity can change GR expression in Mozambique tilapia 
(Brian et al., 2003; Takahashi et al., 2006). As PRLR is believed to be related to 
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osmoregulation in terms of their high expressions in the gill, kidney and intestine, the 
change of GR expression level eventually regulates the expression of PRLRs. The 
differential expression of the two PRLRs can help to initiate the responses for both 
osmoregulation and stress handling at the same time. 
A protective role of Cortisol to impair ionic loss or improve ion uptake has been 
suggested (Mancera et al., 1993). Therefore it is an advantage of steroid hormonal 
supplementation, as suggested by Zhou et al (2003), for the teleosts by the time that 
steroid hormone-regulated genes has differential functions against a variety of 
environmental fluctuations. 
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Class I R g A A g A N G N T g T N @ T 
Consensus feature of class I A A A 
P a r e g g a a a t t c a t c a t c t 
Class II R G G A C A N N A A G C C A A 
Consensus feature of • • • • • 
class II 
Table 6.3 Alignment of the ARE motif identified on the gene promoter of sbPRLR2 
with the consensus features of class I and class II. Consensus features of 
class I and class II are represented by triangles and dark circles, respectively. 
Guanine contact is enclosed by rectangles. Underlined elements are 
proposed by sequence similarity to the class designation. ARE is the 
biologically active ARE identified in the present study. 
Class 1 T/G g T A g A N N N T @ T N @ T 
GRE in the 
present study G A T T A A T A C T G T T C T 
A A 
Table 6.4 Alignment of the GRE motif identified on the gene promoter of sbPRLR2 
with the consensus features. Consensus feature of class I (guanine contact) 
is enclosed by rectangle. Elements proposed by sequence similarity to the 
class designation are represented by triangles. 
-169 -
Chapter VII General conclusion and perspectives 
Chapter VII General conclusion 
and perspectives 
The work mentioned in this project further demonstrated the osmoregulatory 
picture in teleosts. Two PRLRs are expressed at different levels under hypertonicity 
by in vivo gene expression study. Since few reports suggest that the regulation of 
PRLR under salinity depends on pituitary factors, our in vitro gene expression study 
using the gill filament and sliced kidney explants indicates external osmolality is the 
major effector. Given such observations, the next step is to check if the regulation of 
the two PRLRs is initiated and altered by activity and composition of their promoters. 
ORE is known as a c/^-acting element for osmoregulation. The identification of OREs 
in the two gene promoters of PRLRs further indicates the involvement of PRLR in 
osmoregulation. Deletion and mutagenesis analyses help to identify the functional 
OREs in the gene promoters of the two PRLRs. 
Transcription factors that are responsible for osmotic stress (response) are of 
great interest. The first cloned protein is OREBP in mammals. Later OSTFl is also 
regarded as a transcription factor in teleosts binding to ORE. Whether the same 
OREBP can be utilized in both mammals and teleosts remains to be investigated. The 
possibility of OSTFl in regulating sbPRLR gene expression was studied. Tilapia 
OSTFl was cloned, inserting cDNA into expression vector and the promoter activity 
of two PRLRs were checked by co-transfection. The results demonstrate OSTFl is 
one of the candidates involving in ORE-protein pathway in initiating transcription. 
Furthermore, the binding affinity to the DNA alters the activity of a gene promoter 
hence the expression profile. The interaction between transcription factors and the 
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identified ORE motifs is further examined by EMSA. Two complexes are generally 
formed, supporting the presence of more than one form of OREBP or larger protein 
complexes integrated by OREBP previously proposed (Ko et al., 2000; Miyakawa et 
al.’ 1999). Because the activation of promoter activity is relatively low, characterizing 
OSTFl or other transcription factors for osmotic responses in black seabream is 
highly warranted in order to further explain the regulation of the two PRLRs. 
It is suggested PRL in teleosts possesses roles rather than osmoregulation (Kelly 
et al” 1999; Mancera et al, 2002). On the basis of the in vivo time-course gene 
expression study, it is postulated that this kind of role of PRL mediates through 
sbPRLR2. Different expression profile in two osmoregulatory organs suggests the 
primary roles of two PRLRs on their major target organs. With the assistance of 
proofs from different sides, the initial observation on the functional difference of two 
PRLRs is given here in order to justify the presence of both PRLR subtypes during 
teleostean evolution after genomic duplication. Also the study of PRL/PRLR system 
revealed here further supports it may be a specially evolved mechanism for marine 
euryhaline teleosts. 
Little is known about the signaling pathway of steroid hormones on PRLR 
expression in teleosts, although their effects on osmoregulation are alternatively well 
documented. From the previous work, two forms of PRLR exhibited very different 
expression patterns in response to steroid hormones. Identifying putative c/5-acting 
elements on the two gene promoters suggest steroid hormones are capable of 
regulating the differential expression of the two receptors. It is the first repot on the 
elucidation of the regulatory mechanism of PRLR under steroid hormone challenge. 
The deletion and mutagenesis analyses indicate the importance of functional 
-171 -
Chapter VII General conclusion and perspectives 
c/^-acting element involvements and cytosolic transcription factors acting on these 
regions. It is further demonstrated that multiple c/5-acting elements working in 
synergy is not the case for sbPRLR gene regulation. These motifs are further verified 
by EMSA, examining the interaction with transcription factors in vitro. Given that 
steroid hormones as well as PRL do alter salt and water metabolism, changes in PRLR 
in target organs can modulate the response of steroid hormones and PRL. Marshall et 
al. (1978) reported that glucocorticoids on PRLR expression did not require pituitary 
factors in rats. Whether it is also true in black seabream requires experimental proofs. 
Meanwhile we are of particular interest in the downstream consequences after 
alteration of PRLR expression by such external stimuli. MAPK pathway is a possible 
candidate, as MAPK family responding to salinity was reported in vivo (Kultz and 
Avila, 2005) and in vitro (Marshall et aL, 2005). Activation of MAPK pathway is 
probably the central event in transducing osmosensory and endocrine signals. 
In summary, a detailed investigation on coordinated regulatory mechanism of 
PRL/PRLR system in euryhaline teleosts was performed in this project. This work can 
help to explain the physiological significance of the differential expression of the two 
PRLRs. This allows us to explore our knowledge on teleosts that how they cope with 
changing environments. 
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